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Formation damage effects have been reported in a number of oil 
reservoirs in secondary and enhanced recovery stages of production. 
The loss in permeability has been widely attributed to the swelling or 
pore-plugging action of colloidal clay minerals which are present in 
varying quantities in the pore spaces of reservoir rocks. This 
research has been aimed at predicting the action of non-swelling clay 
particles such as those commonly found in North Sea reservoir 
sandstones. 
The literature from the areas of formation damage, colloidal 
suspensions, and deep bed filtration has been examined with particular 
attention being given to the subject of clay mineralogy. An 
experimental test rig was designed, comprising a cylindrical packed 
sand bed used as a model reservoir to study the permeability changes 
associated with the action of clay fines under various flooding 
regimes. The pH, salinity and valency of ionic species present in the 
flooding fluids were found to be the controlling factors for clay 
mobilisation. Fines dispersal coincided with spontaneous decrease. in 
permeability when sandpacks treated with monovalent brine were 
subjected to fresh water flow. Analysis showed that'the fines released 
from the bed were primarily kaolinite in the size range 1-5 micron. A 
minimum critical+ salinity of flooding water was shown to exist, above 
which particle dispersal is prevented. Further, experimental work 
provided a measure of the ion exchange capacity of the clay fines in 
the sandpack as well as of pure clay materials. 
The close-range interaction of kaolinite particles with silica 
surfaces was measured in a continuous flow glass apparatus which 
allowed in-situ observation and measurement by optical microscopy. 
Particle deposition in this system was found to be very sensitive to 
the method of cleaning of the silica surface. Deposition was also a 
function of the suspension flowrate. Clay mobilisation behaviour, as 
observed in the sandpack experiments, was confirmed with suspension 
pH, salinity and flowrate to a lesser extent, governing the particle 
release process. 
The research has identified the conditions under which clay 
mobilisation is initiated. It is proposed that any model of 
pezmeability reduction should be adapted to include the effects of 
specific ion-exchange processes between clays and flooding liquids. 
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Q APrER 1 
INTRODLJGTION 
Oil reservoirs are porous sandstone or limestone rock structures 
wherein the oil is held by capillary forces. The rock matrix often 
contains significant quantities of fine particles, such as, in the 
case of sandstone reservoirs, quartz rock fragments and a range of 
mineral species which include colloidal clays. These particles, 
collectively termed 'fines', are either present as flocculated 
material in the pore space or are loosely attached to the pore 
surfaces in single or all multiple units or larger clusters. During 
primary oil extraction, internal pressure forces oil out of the 
reservoir to the wellhead where it is separated from the formation 
water and entrained solids. The reservoir pressure is usually 
maintained by pumping formation water back into the reservoir. In 
offshore fields, treated seawater or mixtures of seawater and 
formation water are used for this purpose whilst onshore, treated 
fresh water, seawater or artificial formation water is used. 
These pressure maintenance operations are generally referred to as 
secondary recovery or water flooding. Tertiary or enhanced recovery 
procedures involve the use of surfactants and a range of chemicals in 
order to improve the oil fraction recovered frcm mature and depleted 
reservoirs [1-9]. Polymer solutions and foams [5] are generally used 
for mobility control of secondary and tertiary floods. 
During stages of secondary and enhanced recovery, permeability losses 
have been observed in many reservoirs. The reaction, or 'water- 
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sensitivity' of reservoir fines to changes in flooding conditions is 
considered by many workers to be a primary cause of formation 
damage [13-22]. Early work in this area suggested that the swelling of 
certain types of clay as the dominant effect while, more recently, 
migration of fines and pore blocking have been found to be 
significant. Even reservoirs known to contain only small amounts of 
fines have suffered permeability loss during water flooding. 
Knowledge about why water sensitivity occurs could be useful in the 
prevention of formation damage problems at, an earlier stage in 
production. 
The water sensitivity of reservoir clay is a common reported cause of 
formation damage in sandstone reservoirs [13-22]: Typically, it occurs 
when a low salinity fluid is used to displace reservoir fluids, 
initiating a mobilisation of fines which migrate through the reservoir 
as a 'front'. The observed, loss in permeability is only temporarily 
recovered when flooding, is resumed in the reverse direction,,, 
suggesting that pore plugging is the dominant mechanism--of 
permeability reduction in these situations. Damage, often most severe 
in the near well-bore region of injection and production wells, may 
also occur deep inside a reservoir where it is likely to be difficult 
to remedy. 
It appears that the specific reasons for the water sensitivity 
phenomenon have not been identified. Both , 'chemical ' and 'physical' 
models of core damage have been proposed. In the latter case, particle 
release and transport is assumed to be due to fluid flow conditions 
alone. In one study [42], the flooding velocity was found to be 
critical for particle plugging and re-entrainment effects. The 
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'chemical' models attribute greater significance to the interactions 
between reservoir, fluids, the pore surfaces- and the fine particles 
contained in the pore space. 
In the vicinity of pore surfaces and constrictions, the interaction of 
the surface properties of particles and grains is generally considered 
to have a greater influence than the particle transport. The effect of 
flocculated fines on flow conditions in a sandstone undergoing 
flooding has not been reported in any great detail in the literature 
despite the knowledge that clay particles are often found as 
'aggregates' or 'plate-stacks' in a reservoir. This morphology implies 
a potentially increased resistance to flow and could explain the 
occurrence of water sensitivity effects in sandstones containing even 
trace quantities of clay minerals [20]. 1 
Despite the considerable amount of work done in the field of particle 
detachment, migration and pore-plugging, these phenomena remain 
largely unexplained. Much of this uncertainty is due to the fact that 
oil reservoirs contain a canpiexity of fines, differing in shape, size 
and surface electrochemical properties, making their characterisation 
a difficult task. It is often assumed that all fines behave in the 
same way under flooding conditions. In this work an attempt has been 
made to quantify pore plugging effects specifically due to the non- 
swelling kaolinite clays. Experiments with packed sand beds have been 
combined with work on a micrcmodel deposition and detachment system to 
provide basic data for the development of a theoretical basis for the 
prediction of particle capture, detachment and permeability reduction. 
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In Chapters 2 and 3, an extensive literature review is presented, 
covering the subject areas, of formation damage and reservoir fines 
mineralogy, with particular reference to colloidal clays and their ion 
exchange properties. Work in the fields of porous media flow 
modelling and., deep bed filtration is examined in order that fluid 
forces and particle-surface interactions may be better understood. 
The equipment used and experimental procedures developed have been 
described in Chapter 4. The results of the experimental work are 
presented in Chapter 5 and discussed in detail in Chapter -6. Also 
presented here, on the basis of the theoretical and experimental 
analysis, is the model formulated for. clay fines behaviour during 
flooding in sandstone reservoirs. The conclusions of the research are 
presented in Chapter 7 with sane recannerddations for further work. 
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CHTAPIER 2 
LITERATURE REVIEW I 
2.1 INTRODi7GTION 
The most important properties of reservoir rocks from an oil 
production point of view, are their porosity and permeability. Rock 
porosity, the ratio of pore to bulk rock' volume, provides - storage 
capacity for the liquid and gas accumulation while permeability is a 
measure of the movement of fluids in the reservoir or from the 
reservoir to a well. Thus, permeability is a measure of the fluid 
transmitting capacity of the rock and depends on the porosity, the 
pore size distribution, the degree of interconnection of pores and the 
presence of void spaces. All of, these factors are determined by the 
geological history of the reservoir. 
Permeability has been empirically defined by D'Arcy [10]as: 
- (1) 11 1 SP K-A AP 
where K= permeability, Darcy- 
viscosity, centipoise 
L= length of rock sample, an 
A= cross-section of rock"sample, czn2 
LP = pressure drop across rock sample, atmospheres 
Q= flowrate, ml/s 
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This definition leads to the specific, or single-fluid saturation 
permeability expressed in terms of darcys. Reservoir rocks possess 
permeabilities fpm a few millidarcys to several darcys. 
Reservoir rock can contain a three-phase mixture of crude oil, natural 
gases and connate brine. It is the effective permeability which is 
the important parameter ' "in determining production performance. The 
effective permeability falls progressively below the specific 
permeability as the proportion of the particular fluid in the' pore 
space decreases, tending to zero well before the proportion of that 
fluid reaches zero. 
The degree of pore interconnection in a rock has a marked effect- on 
its permeability. Thus, a formation can be porous whilst displaying 
low permeability. Effective porosity as opposed, to total porosity is 
a more useful parameter when attempting to characterise permeability. 
The oil containing zone of a reservoir is often termed the 'pay-zone'. 
The significant quantity in calculating the oil production from a zone 
is the su oration of the products of zone thickness and permeability 
often quoted as millidarcy-metres. This takes account of any vertical 
or lateral heterogeneity in the reservoir. 
Reservoir rocks catnnnly have porosities in the range form 5% to 30%. 
The coarser-grained sedimentary rocks such as sands and sandstones, 
are the most typical reservoir rocks, possessing relatively high 
porosities. Limestone ('carbonate') reservoirs are generally less 
porous. However, even low porosity limestones can have reasonably high 
permeabilities particularly when they possess faults or fractures 
which have high fluid transmission capabilities. The permeability of 
reservoir rock is increased when naturally occurring or artificially 
6 
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induced fractures exist in` the rock. Fractures can also result in 
effects such as 'fingering' and leakage which are detrimental to 
production performance. 
Within the reservoir, the fluids present are distributed vertically in 
order of their' densities where the reservoir pore structure is 
hx geneous. Thus a reservoir may be divided into zonesýin which gas 
will be found above condensate, oil and formation brines. 
The existence of cap and seat seal rocks prevents ýor minimises the 
escape of hydrocarbons frcm the reservoir. Cap rocks may be composed 
of layers of salt, as with 'salt-domes', gypsum or other largely 
impervious deposits [11,12]. Clays, shales and canpacted limestones 
also fulfil the requirements of fine grain and pore size necessary for 
cap rocks. Generally, cap rocks possess very low permeabilities but 
more importantly very 'high'. capillary pressures which limit the 
ingress of non-wetting oil or gas phases fnxn the reservoir. Capillary 
pressure is inversely proportional to pore-throat radii and 
proportionally dependent on the interfacial tension'between the 
formation water and oil or gas. Thus, provided that the hydrostatic 
pressure in the reservoir does not exceed some critical value, 'oil or 
gas will not enter cap rocks. This critical condition is dependent on 
the density difference between water and hydrocarbons, the interfacial 
tension, the pore sizes in the reservoir and pore-throat sizes in the 
cap rock. When cap rocks are plastic, reservoir fluids are less likely 
to be lost through them'when fracturing techniques are applied. 
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2.2 RESERVOIR MIN LOGY 
... t {. 
This section examines the properties of quartz, clay, and, other 
minerals found in sandstone reservoirs. 
The rock structure of oil reservoirs is formed from the fusion of 
mineral oxides, -inorganic and organic materials under conditions of 
high temperature and pressure, resulting in a porous matrix of varying 
canposition and degrees of heterogeneity. - The characterisation of 
reservoir mineralogy-thus occupies an important place in any study of 
formation damage. 
2.2.1 Fines 
Reservoir sandstones often contain significant quantities of 
intergranular materials collectively referred to as 'fines'. 
Typically, fragments-of-quartz, feldspar, mica and a wide spectrum of 
clay particulate matter"can be found in the pore spaces, the single 
particles ranging in size from the sub-micron to a few tens of 
microns. During flooding, these fines can be mobilised by changes in 
the ionic strength or chemical constitution of the displacing fluids. 
Even areas of high permeability can be permanently affected by such 
migrating fines. 
Research carried out to date has not yet identified the types of 
minerals causing the greatest damage, however it is widely considered 
that clays make a significant contribution on account of their canplex 
surface electrochemical properties [13-18]. 
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2.2.2 Quartz 
This is by far the-largest constituent of sandstone reservoir rock, 
usually greater than 90% by weight, and is composed of ý highly 
crystalline silica., This mineral forms the basic porous rock 
structure through fusion at high temperatures and pressures or 
cementation by, iron and calcium salts. The porous nature of sandstone 
reservoirs can be attributedýto the relative hardness of quartz, 
producing fewer fragments during laydown although the degree of 
porosity is a function of a number of factors including the presence 
of indigenous clays and other minerals. 
2.2.3, Clay Minerals 
On the basis of size alone, clay has - for a long time been defined as 
all particulate material smaller than 4 microns. [24,25]. However; 
modern analytical, techniques, including X-ray diffraction, have stxxan 
that clays-are crystalline altm ino-silicates with identifiable unit 
structures [26]. The silica and alumna take the form of alternating 
layers which are integrated into one another to varying degrees, 
depending on the number of layers required to form the repeating unit 
structure. The silica layer comprises a silicon atan surrounded by 
four oxygen, atoms or hydroxyl ions, forming a tetrahedral sheet. The 
alumina forms an octahedral sheet with one aluminium atom at the 
centre of six hydroxyl ions. Two-layered, three-layered, mixed-layer 
and amorphous clays all exist in nature. 
Although there is no general agreement as to the proper definition of 
clay, alumino-silicate material finer than 4 um is ccn=nly considered 
to be the 'clay fraction' in the context of oil reservoir clay. Clays 
do exist as larger particles and are also important in terms of 
formation damage problems. 
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Thus, to define clay by means of particle size alone is insufficient 
because other minerals such as quartz, feldspar do occur in the <4 µm 
size class but do not have many of the other properties associated 
with the clay minerals. However the <4 µm size fraction of a 
sandstone generally has a higher proportion of clay minerals of 
interest when studying formation damage"pherrmena. The clay minerals 
in the pores of a reservoir may be affected; by their ionic environment 
so as to cause swelling or migration effects. Other fine materials 
associated with the clays may then be dislodged thus contributing to 
the scale of pore blocking. 
The structure and composition of the clay minerals gives than unique 
physical and electrochemical properties. The three-layered clays such 
as montmorillonite exhibit 'swelling' when in contact with fresh or 
non-crnpatible water. Generally, their surfaces are highly active due 
to charge imbalances within their structures. This factor is the cause 
of their ion exchange, chemical adsorption and double layer 
characteristics. Base or ion exchange is the exchange of ions in 
solution for those in a solid, the camcnest exchange ions in the case 
of clay-minerals being Cat+, Na+, K+, Mgt+, H+ and NH4 [4]. These 
ions are held in, between the layers as well as on the outer surfaces 
of the structural unit, without any alteration to the basic clay 
structure [22]. 
2.2.3.1, Kaolinite - 
The chemical formula of kaolinite may be written as A14Si4O10(OH)8" 
Its structure, - as shown schematically in Figure 1, consists of one 
tetrahedral silicon-oxygen sheet and one aluminium-hydroxyl layer. 
This type of structure is usually referred to as a 1: 1 lattice. No 
expansion of the lattice occurs when kaolinite comes into contact with 
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aqueous solutions. The replacement of aluminium by iron or magnesium 
within the structure of this clay mineral has not been reported. X-ray 
diffraction patterns of a typical kaolinite result in a spacing 
between the alumina and silica sheets of about 7.2 Angstroms. 
Kaolinite' has been reported to exist in various states of 
crystallinity which can usually be quantified by differential thermal 
analysis. ' The state of disorderliness of kaolinite is thought to 
contribute to surface properties such as ion exchange [27]. 
Kaolinite is primarily a product of the weathering of feldspathic 
rock, though other mechanisms of formation have been recognised 
[24,25]. It has a composition which can be expressed as [26]: 
Silica 46.5% 
Alumina 39.5% 
Water 14.0% 
-, ýý. 
Particles of kaolinite are recognised by their characteristic 
hexagonal platelet form in the 0.1-5 micron size range. Individual 
platelets often'are found clumped together as "card-pack" structures. 
The surface and ion-exchange' properties of kaolinite clays are worthy 
of special mention and have been covered in a later section. 
2.2.3.2 Montmorillonite 
This mineral is a three-layered clay with the unit cell consisting of 
a sheet of alumina molecules sandwiched between two layers of silica 
molecules (Figure 2). Particles of montmorillonite are usually very 
small (less than 1 micron). They are very susceptible to swelling 
when in contact with water or polar organic liquids which can 
penetrate the loose layer structure. Potassium, sodium, calcium and 
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magnesium ions are -readily exchanged by montmorillonites which have 
the highest cation exchange capacities of the clay mineral group, from 
ten to fifty times greater than crystalline kaolinite-(see Table 1). 
2.2.3.3 Illite 
This is also a- three-layered clay. mineral. However it does not 
display swelling. characteristics due to the presence of potassium ions 
situated between the unit layers. This ion presence balances the 
charge deficiency inherent in the structure and reduces the cation 
exchange capacity. Particles of illite are generally irregularly 
shaped and, less, than 2 microns in their characteristic dimension. 
Figure 3 presents the structure of the mineral. It is interesting to 
note that illite may be degraded when potassium is, removed fron the 
structure by the leaching action of slightly acidic water. Degraded 
illite is susceptible to expansion when water enters between the unit 
layers as the ion exchange process takes place. In general, illite 
has a lower base, exchange capacity than the montmorillcnites (Table 
1). 
2.2.3.4 Mixed-Layer Allophane Clay 
Naturally occurring clay materials may contain particles with mixed or 
'interstratified'layers as in the case of score illite and chlorite 
clays. Such clays have relatively high ion exchange capacities and can 
display swelling tendencies. 
Also referred to as the "amorphous" clays due to the absence of any 
specific X-ray diffraction patterns, the allophane clays vary widely 
in canposition and are often present in clay masses. 
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2.2.4 Chlorite, Mica and Feldspar 
Chlorite 
Though it is not strictly a clay, chlorite is co nronly found in a clay 
fraction. Particles are small, generally sub-micron, and of a 
structure is similar to that of the three layered clays but with the 
addition of a layer of brucite (magnesium hydroxide) in between the 
alumina and silica unit layers. 
Mica 
The group of lamellar minerals collectively termed 'mica' are ccTnmly 
associated with clays in nature but are found over a much wider size 
range. They consist of aluinino silicates with weak interlayer forces. 
Mica has been found often to be closely associated with kaolinite 
[28]. 
Feldspar 
Feldspar is probably the most abundant mineral in sandstones after 
quartz; and is widely-regarded as the base material for the formation 
of clay minerals. The potassium form consisting of the block-like 
crystalsýis, connonest in nature. 
2.2.5 Ion Exchange and Clay Minerals 
The ion exchange capacity of clay minerals arises fron a canbination 
of sources as follows [27]: 
i) -isc mrphous substitution within the crystal structure. This is 
the-process where one ion is replaced by another of similar 
size without altering the physical structure. Normally, 
aluminium ions substitute for silicon ions creating a charge 
deficit at the surface. 
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ii) preferential adsorption of potential-determining ions, caused 
by the presence of lattice imperfections and broken bonds. 
iii) exposed hydroxyl groups. 
The cation exchange capacities of a number of clay minerals of 
interest are given in Table 1. Table 2 gives a list of sizes of the 
ccmnonest exchange ions associated with clay structures. 
A factor often overlooked and which is particularly relevant to clays 
in their natural states is the degree of structural crystallinity. The 
ion exchange capacity of a sample of clay is likely to be much higher 
when there are a large number of broken bonds and surface 
imperfections present on the particles and when a clay mass is poorly 
crystallised [26,27]. 
In general, clay particles are found to be negatively charged in 
aqueous solution on account of the deficiency of charge of the mineral 
structure. The magnitude of the charge varies with pH, fluid salinity 
and a range of electrochemical properties of the aqueous phase and 
solid. 
Broken bonds around the edges of the silica-alumina units give rise to 
unsatisfied or excess charges which are balanced by adsorbed ions. 
Broken bonds tend to occur on the non-cleavage vertical surfaces of 
clay particles, in the case of kaolinite, on the edges of individual 
plates (parallel to the c-axis). The number of broken bonds per unit 
surface area-increases as the particles get smaller hence the exchange 
capacity would be expected to increase. The nature of broken bonds in 
clay mineral particles has been studied by relatively few clay 
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specialists. , Wiklander concluded that hydroxyl icns would attach to 
the silicon ions of broken tetrahedral units causing a negative charge 
on the lattice [29]. Positive charges originate from exposed 
octahedral groups which act as bases by accepting protons. Thus it 
would be expected that with rising pH the negative' charge would grow 
due to increased ionization of the acid groups (silicon) and the 
positive charge would decrease due to lower proton addition"to'the 
basic groups. Thus, in the low exchange capacity clays such as 
kaolinite and well crystallised illite and chlorite, broken bonds at 
the edges of particles are regarded a major cause of exchange 
capacity. 
The 'substitution of aluminium (A13+) for - silicon (Si4+) in the 
tetrahedral--sheet and of lower valence ions such as magnesium 
for aluminium in the octahedral sheet produces net charge deficiencies 
in clay particles. Such substitutions may either be balanced by intra- 
lattice changes (OH-for 02-) or by cation adsorption. Thus, to get a 
cation exchange' capacity of 2 meg/lOOg of kaolinite, only one silicon 
unit out of 400 needs to be replaced by an aluminium [30]. - 
The. hydrogen of exposed hydroxyl groups could, in principle, be 
replaced by an' exchangeable cation even though it is canparatively 
tightly held. In kaolinite, the presence of the hydroxyl sheet on 
one side of the cleavage plane suggests that this cause of ion 
exchange may be significant [26]. 
In those minerals containing large numbers öf broken bonds, cations 
could be expected around the edges of flakes (kaolinite) and needles 
(illite, chlorite). In the three-layered clays e. g. mcntmorillonite 
the majority of the ions are found on the basal plane surfaces. This 
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is also generally true for exchange cations arising from lattice 
substitution in the two-layered clays. However cations adsorbed due to 
substitutions in the tetrahedral' sheet are more strongly retained. 
This is because the charges resulting from substitutions on'the 
octahedral sheet must act through a greater distance. It is suggested 
that these charges exchange cations which'are easier to replace than 
those held by aluminium for silicon substitutions [26]. This would 
explain why the potassium ions in the mica group minerals seem tobe 
largely nm-exchangeable. Evidence for this theory is however not 
available for all clays. 
An interesting proposition relating to kaolinite is that the 
exchangeable cations occur only on the basal oxygen surface of the 
silica tetrahedral units and that the cation exchange capacity 
therefore depends on the thickness of kaolinite platelets [31]. 
Moore observed that as the amount of exchangeable Ca2+ ions on a clay 
surface decreases, the more difficult is the removable of further ions 
[22]. Sodium ions however show the reverse relationship. Both 
replacing power and the strength with which the exchange cation is 
held are increased by a higher valency of the ion. The relative 
replacing power of one cation by another was given by the following 
series: 
H+ > Ca++ > ++ >-K+: > Na+ > Li+ 
The exception to the above replacement rule is the hydrogen ion. Also 
the series is not valid for all clay minerals due to clay-specific 
structural differences. 
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Anion exchange also makes a small contribution to the overall exchange 
properties of clay minerals. In the= case of kaolinite chloride 
adsorption is proposed constant, at about 1 p, arol/g over, a range of 
concentration (27]., 
,, 
Chloride adsorption increases, with decreasing pH. 
The structure of the silica surface in aqueous electrolyte contact is 
of a major role in mobilisation. The structure of the silica surface 
in aqueous_ electrolyte contact is of particular, relevance to clay 
particle behaviour in formation damage and has been investigated [34- 
36,381, 
-while 
Sposito has studied the general area of soil chemistry 
[33]. Some physical properties of clay and other ron-metallic minerals 
have also been compiled [53]. 
2.3 FORMTIOM DAMAGE BY CLAY 
Most reservoir sandstones contain within their pore spaces significant 
quantities of particulate matter. which can, be mobilised during 
flooding. 
... 
Much of the work done to, date has been qualitative, in nature largely 
due to difficulties in characterising the. behaviour of reservoir fines 
under, different flooding conditions. However, with more sophisticated 
analytical techniques, better characterisation of reservoir materials 
has enabled detailed study of the causes of mobile fines problems. 
The, literature in this area is now examined. 
2.3.1 Clay Swelling 
A number of early investigations attributed formation damage symptoms 
to a reduction of pore volume from the swelling of the mcntmorillonite 
type of clays present in the reservoir. Morris et al flooded 
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reservoir cores containing on average 8% swelling clays finding, ýan 
average reducticnFin permeability relative to air of 92.5% [23]. A 
swelling test conducted on a core sample, involving prolonged exposure 
to a weak electrolyte solution, resulted in a visually noticeable 
increase in the volume of the core after a few hours. Further 
evidence of the swelling phenomenon was provided in a number of 
studies. Moore studied cation exchange and flocculation properties of 
clay minerals [22]. Möntmorillonite was found most active in cation 
exchange processes and most susceptible to hydration effects, illite 
and kaolinite affected to a `lesser degree. It was proposed that 
monovalent ions could be much more easily removed from clays- than 
divalent ions and that the forces keeping particles flocculated in 
formation brines could break down allowing dispersion and swelling to 
take place. 
2.3.2 Clay Dispersion 
Dodd et al tested core samples for the 'swelling-clay' effect [19]. 
Core minerals and their water sensitivity were analysed by using the 
technique of X-ray Diffraction-Peak Intensity measurement. The 
results were ccznpared with field data. ' The main conclusion of this 
study was that non-expandable clay minerals were not 'a factor in the 
permeability loss, that only swelling clays and the dispersion of 
small 'swollen lamellae' leading to pore blockage were the main 
causes. However, it was recognised that the observed 'increase' in 
core permeability under reverse flow could not be explained only by 
the 'swelling clay' theory. 
Around the'same time, Hewitt suggested that non-swelling clays such as 
illite and kaolinite also participated in the pore plugging action 
brought by dispersion [20]. A strongly water sensitive sandstone was 
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permeability tested and evidence of mobile fines behaviour was found. 
The clays analysed were reported to exist as 'inter-granular' or 
'inter-granular and laminated', the upper size limit taken at 16 
microns. 
The dispersion and plugging mechanism of formation damage was favoured 
by Land et a1. [21]. In the sandstones tested, the fines fraction up 
to. 12 microns accounted for 5-8% wt of the core. Of this 
approximately 25% was found to be kaolinite. Calcium ions were 
thought to prevent dispersion and permeability. loss. 
The study of Jones reported this among three main findings[18]: 
a) The increase in clay blocking effects, with salinity change. 
b) The reduction of dispersion of clay with relatively low 
cocentrations of divalent ions. 
c) The low values of electxophoretic mobility of the calcium form of 
clays ccnparcd to the sodium form. 
Effects (a) and (b) were dar nstrated using core material which was 
known to be water sensitive. Abrupt salinity reduction when using 
n covalent ions resulted in damage in all cases, however, when at 
least 10% of the ions were divalent (calcium or magnesium) the 
permeability of the core was unaffected. Electrophoretic mobility of 
a bentonite 'swelling'. clay was measured using a Riddick cell. Jones 
found that the mobility of the calcium clay was approximately half 
that of the sodium form. The observed permeability reduction in water 
sensitive reservoirs was attributed. to fresh water 'invasion' or 
'water shock' caused by osmotic effects as the salinity decreased. 
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The water sensitivity of the Berea sandstone was determined by Mungan 
[39]. In core samples subjected to fresh water after brine flooding, 
the severest damage was found to occur in the upstream sections of the 
core. Longitudinal mixing was thought to be largely responsible for 
this observation. Illite and kaolinite clays, both nom-swelling types 
were found in evidence in the effluent produced fron damaged cores. 
Cores were also found to be pH-sensitive, the effect here being the 
dissolution of grain cementing material like silica and calcite. 
Permeability tests iaere conducted by Gray and Rex on sandstone cores 
containing little or no swelling clays [13]. Fresh water 
permeabilities were on average less than 33% of connate water 
permeability. As well as the absence of swelling, a number of effects 
were observed which can only be explained by fine-particle plugging 
action: 
a) Core permeabilities increased temporarily during flow reversals. 
b) Final air permeabilities were lower than initial values. 
c) The production of fines in core effluents when fresh water 
displaced brine. ' 
X-ray Diffraction analysis of core effluent indicated the presence of 
fine mica 'needles' 1-5 microns long and hexagonal kaolinite platelets 
0.1-0.3 microns in diameter. Clay dispersion was attributed to local 
shear gradients in the core during flooding and to double layer 
expansion effects caused by a decrease in salinity below a critical 
threshold. Osmosis was not considered a cause of clay dispersion, as 
proposed by Jones [18]. Reed also noticed the presence of mica in 
migratory fines [54]. 
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2.3.3 Pore-Plugging .., 
Mobilised clays fran water-sensitised sandstone cores were identified 
by Neasham as one of three morphological types[17]: 
i) Discrete 
ii) Pore-lining 
iii) Pore-bridging 
Using scanning electron microscopy, kaolinite was often found as 
'stacked' platelets attached to pore surfaces as discrete particles. 
Sandstones containing this type of clay were characterised by high 
'permeability-porosity' functions. Low permeability sandstones 
contained illite and chlorite clays as pore-bridging aggregates or 
fibrous networks. Sandstones in the discrete particle class contained 
mainly kaolinite fines in concentrations up to 5% wt though some of 
the cores tested contained up to 20% wt fines. The morphology of 
illite in reservoir sandstone has been studied [57]. 
Donaldson and Baker proposed a statistically controlled model of 
particle transport in sandstones [40]. Particle sedimentation and 
interception were introduced into the analysis. Diffusion and 
electrical double layer effects were not considered. Core-floods were 
then conducted in which ground quartz particles of mean sizes 4,6 and 
7 microns prepared in 1% brine (NaCl), were pupped through sandstone 
cores possessing mean pore sizes of 10, '15 and 30 microns. Core 
pressure data and effluent particle size analysis resulted in a number 
of significant conclusions as follows: 
a) larger diameter pores initially contained most of the flow but 
were first to becane plugged; 
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b) large particles'were captured quickly while pressure drop remained 
constant in this period; 
c) cake build-up on grain surfaces was initiated by the larger 
particles; 
d) pore-plugging effects were observed after the flow of at least 150 
pore volumes; and 
e) in most tests 50% of the particles passing through the core were 
less than 3 microns in diameter. 
In the theoretical model, the size of 'injected' particles was 
randomly distributed and, using an average diameter of model pore, the 
differential pore pressure was calculated on the basis of three 
events: 
f) particle passes through core; 
g) particle is retained in the core; or 
h) all particles are released if a threshold pressure is exceeded. 
The authors reported good agreement with experimental results. 
Muecke stressed the need for treatment of 'fines' rather than just the 
clay group of minerals -[41]. For US Gold Coast unconsolidated 
sandstones, fine materials on a less than 37 micron basis accounted 
for 2-15% wt of the rock and were composed of: 
39% quartz 
32% amorphous minerals 
18% other minerals, and 
11% clay minerals. 
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The clay minerals form the smallest part of the fines fraction, it 
should be appreciated that the choice of definition of the size range 
of fines is also an issue here. 
In Muecke's experiments, suspensions of calcium carbonate containing 
particles 2-15 microns in. size were pumped through a sealed cell 
consisting of 200 micron glass chips sintered between two glass 
plates. Visual observations in single phase flow showed that: 
a) particles bridged at intergranular constrictions; 
b) the bridging probability is a function of fines concentration; and 
c) that fines could be released by flow reversal depending on their 
deposited condition. 
In multiphase experiments the wettability of particle and grain 
surfaces and the interfacial effects between fluids were found to be 
the daninant factors in fines behaviour. At the oil-water interface 
both oil and water-wet-particles were mobile while at irreducible 
saturation conditions fines remained trapped- in the stationary phase 
that wetted them. When both oil and water were mobile, interfacial 
pressure gradients kept the fines mobile. This was illustrated when 
injection of oil-water mixtures resulted in fines production. During 
oil flow alone, water-wet fines remained in the connate water film 
while in water flow an 'equilibrium' condition was established after 
some flow where fines remained trapped at the intergranular contact 
points. 
According to Somerton and Radke the surface properties of clays are 
significant in their behaviour in brine and alkaline flooding 
conditions, with cation exchange playing a major role in mobilisation 
[15]. 
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GYuesbeck, and Collins suggested ---, that fines -related = to permeability 
loss is restricted to the near well-bore - region, [42,48]. The model 
proposed, like the model of Neasham [17] considers that pores could be 
of the small 'plugging-type' or large 'surface-deposition type'. In 
sandpack flooding tests, surface deposition and particle re- 
entrainment effects were demonstrated using a large grain diameter to 
fines size ratios. Calcium. carbonate particles 8 micron in diameter 
were prepared in 2% KC1 solution. 
Simplified, the theoretical model assumed the local rate of 'surface- 
type' deposition to be proportional to the concentration of fines in 
suspension, thus: 
at 
where Q= volume of fines deposited/unit initial pore volume 
C= concentration of fines in suspension. 
ß= constant 
The entrainment law was defined thus: 
ät =k*Q* (u-uc) for u> uc (3) 
0 foru<uc 
where u= the fluid volume flux density, or velocity, 
uc =a critical fluid velocity, and 
k=a constant. 
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Experiments, in which a 'clean'" fluid- was' pumped -through a 
'contaminated' bed were conducted in an attempt to verify the 
entrainment hypothesis. -Particle deposition in the'small 'plugging' 
pores was assumed proportional to the amount of particles already 
deposited: 
aQ 
where ap = volume of fines deposit in plugging pathways 
up = volume flux density for plugging pathways, and 
kl. }t2 = 
constants 
The ratio of pore to particle diameter was used as a guide to the type 
of deposition that could be expected. 
Measurements indicated three types of response of pressure drop in 
sandpacks which contained mobilised fines: 
a) no change - surface type deposition 
b) increase then plateau - canbined surface and plugging action 
zk 
c) constant increase - plugging deposition. 
Analysis of effluent frcm Berea core floods showed a fines content on 
a less than 5 micron basis as: 
Mineral 
Quartz 
Feldspar 
Kaolinite 
Illite 
Chlorite 
Siderite 
Core 1 Core 2 
42.5 59.8 
10.0 11.5 
23.6 16.2 
20.3 9.9 
2.6 2.6 
1.0 - 
25 
Two phase flow was found, to give increased particle entrainment. , 
The water sensitivity, phenanenon was studied by Filar,. [43,44]. The 
well-known Berea sandstone was used containing 8% fines, mainly 
quartz, kaolinite and illite and having a porosity of approximately 
19%. The salinity change concept was endorsed by his finding that a 
critical rate of salinity decrease existed. Above this rate particle 
dispersal and pore-plugging effects were observed. - Increased salinity 
gradients produced higher concentrations of fines-in°". the core 
effluent. Spontaneous particle dispersal initiated by double layer 
expansion in the colloidal% clays, was proposed, as, the mechanism of 
permeability reduction. Critical salt and clay fines -, ý concentration 
levels were suggested as the governing criteria for the dispersal 
process. 
Gabriel and Inamdar investigated chemical and physical mechanisms of 
formation damage [47]. Flooding tests on Berea cores. - initially 
saturated with a 2% KC1 solution indicated that existence of a 
critical flooding velocity of (0.007 cm/s = 0.25 m/hr) above which the 
permeability declined. At lower velocities fines were thought to be in 
concentrations not high enough for damage to occur. 
Recent studies utilise theoretical and experimental work in formation 
damage from the last twenty years. Scheuiman has attempted to develop 
guidelines for injection fluid selection in order to alleviate 
problems of fluid-rock compatibility [45]. It is proposed that the 
cation concentration, particularly divalent ions, of injection fluids 
should not be allowed to fall to levels below those dictated by the 
cation exchange capacities (CEC's) of the'clay minerals present. In 
core tests, swelling clays showed the highest salinity requirement of 
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about 600 milliequivalents per litre., Well crystallised kaolinite had 
the lowest exchange capacity at 2 meq/1 compared to 17 meq/1 for 'a 
poorly crystalline type. Well-bore treatment guidelines have, also 
been proposed. Calcium potassium and anucnium ions are suggested as 
suitable candidates with treatment radii of 1.5-3 metres around the 
well bore. 
Sharma et al have examined the conditions under which deposition and 
release of clays takes place in sandstones [46]. Constant charge clay 
surfaces were assumed, in their double layer analysis. In conducting 
elect ophoretic mobility measurements for the estimation of the zeta 
potentials, the surface charge properties of the sandstone were 
assured to be largely unaffected by crushing. Particle deposition and 
release were expressed in terms of the surface potential interaction 
of the clays with sandstone surfaces. In this way, regions of capture 
and release were determined. The transition between an equilibrium 
state and particle deposition was found to be extremely narrow. This 
was also found to be true for the transition to particle release from 
a state of particle attachment. It was proposed that,, inside the 
deposition or release regimes, the respective rates are a function of 
the fluid interstitial velocity. The theoretical-analysis also showed 
that smaller particles would be more difficult to deposit and easier 
to release, pointing out that experimental work has, not yet shown this 
to be true. 
The control of pH of flooding- liquids with the specific-purpose of 
clay stabilisation is not a regular- practice in field operations. 
This is often due to the fact that fozmation brines are themselves at 
neutral or near-neutral conditions. A ntniber of workers propose that 
the release of fines can be prevented by adjusting the pH and there is 
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a critical pH below which no particle release can occur. These workers 
propose that the ion exchange process is influenced by'pH. ' In the 
work by Kia [49], the electropI retic mobilities of kaolinite clay and 
crushed sandstone were measured. The calcite content of the sandstone 
was removed sol-that its'dissolütion would not altertthe`pH and ionic 
strength during measurement. In the initial stage of a fresh water 
core flood, the pH was observed to rise before attaining the pH of the 
water injected. This effect was attributed to the replacement of 
sodium ions -on clay surfaces by hydrogen ions fron the water. The 
authors concluded that, as the pH is lowered, permeability loss is 
reduced and that, at pH values less than 4.8 no permeability reduction 
occurs when fresh -or low salinity water is contacted with sandstone 
cores. 
Injectivity studies have been conducted from the viewpoints of fluid- 
rock compatibility and filter cake formation [50]. The Barkman- 
Davidson theory has been used as a basis for the theoretical 
development [51], with the conclusion that the existing theory for 
calculating the life of injection wells is too pessimistic. 
The contribution of colloid science in investigating clay damage has 
been emphasised by Lauzon [52]. Porter has recently overviewed 
formation damage by presenting experience of suitable and harmful 
drilling and injection fluids [14]. Loose and tightly packed 
kaolinite platelets were shown to exist. An'interesting observation 
was that inorganic Si-OH and Al-OH polymers could be formed in many 
drilling mud systems. Their effects on the viscosity of mud filtrate 
and formation water could be significant. 
The use of surfactants, polymers, their mixtures and a number of 
chemical flood treatments continues in efforts to increase oil/water 
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ratios [55,56]. Ion adsorption and exchange phenanena and salinity 
criteria for these chemical floods have also received some attention 
[58-61]. 
2.4 CAL' F0RCES IN COLLOIDAL CLAY SUSPENSIONS '- 
Colloidal clay particles in suspension are subject to Van der Waals 
attraction, double layer and other less well understood short-range 
electrical forces. These electrical forces have been reviewed. 
2.4.1 Van der Waals Forces 
Van der Waals forces are interirolecular and arise as a result of 
dipole and charge oscillation electrical (dispersion) effects. As 
illustrated in Figure 6(a), the interaction between a particle bind a 
much larger collector can be approximated by the adhesion force 
between a sphere and a plate [62] : 
FA = AR/6H2 for R ». H and H< 25 nm (5) 
where A is the Hamaker"constant, which is a function of the material 
properties of the. constituent molecules 
R is the sphere radius, and 
H is the sphere-plate separation distance. 
The interaction energy between the sphere and plate is. given by: 
VA A2R(R+H) - 1n 
(H+2R)1 (6) 
6 H(H+2R) H 
which, reduces to, _ 
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VA =- 
6H for R»H (7) 
The interaction between two flat plates, Figure 6(b), can be expressed 
as: 
PA =A for H<ý (8) 
6ý H3 
where PA = force of adhesion per unit'surface area 
X= the principal absorption wavelength of the material 
(typically 100 mm) 
Gregory estimated the Van der Waals attraction between two plates as 
[63]: 
FA (15.96HA +2 (9) A 12 7r H3 (5.32H/A +1) 
Van der Waals-forces operate in polar and non-polar solutions and are 
a function of - the dielectric constants of the interacting 
materials(contained in"the Hamaker constant) and magnitude of 
particle-collector separation. 
2.4.2 The Electrical Double Layer, 
If a solid is dispersed in a polar liquid, the solid-liquid interface 
will usually acquire a small electrical charge, which may be either 
positive or negative. The charge may be caused by the ionisation of a 
surface molecule, or by preferential adsorption of one ionic species 
of the solid surface. It is well known that fine clay materials carry 
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a net negative charge on their surfaces when in neutral aqueous 
suspension. 
The surface charge'is compensated by an accumulation of ions of 
opposite charge (counteribns) in the liquid phase adjacent to the 
particle surface. The situation this arising is shaven in Figure 4(a) 
for a model` spherical clay particle. Counterions, whilst being 
attracted to the particle surface also tend to diffuse away fron it in 
the direction of their concentration gradient. An equilibrium 
distribution of counterions is thus established known as the 'diffuse' 
or Guoy layer after one of the early proponents[cited in 27]. Ions in 
the liquid possessing a like charge to the surface ('co-ions') are 
repelled fron the surface so that the diffuse layer contains an excess 
of counterions and a deficiency of co-ions. The counterion and diffuse 
layers are known as the double layer. 
Gouy (and independently, Chapman) performed an analysis of a double 
layer system by making a series of simplifying assumptions [27,64]: 
i) The surface is flat and infinitely large 
ii) The surface has a. uniform charge per unit area 
iii) The ions in the diffuse layer are point charges 
iv) The diffuse layer has, a uniform dielectric constant 
v) The liquid contains ions of equal and opposite charge +z and -z. 
vi) The ions in the diffuse layer are distributed according to the 
Boltzsnam equation: 
Nx) =N exp [ze[4X - 
ý°°]] 
(10) 
kor 
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where z= ion valency 
e= the electronic charge 
Nx = the number of ions at a distance x from the 
interface 
= the electrical potential, and 
k= the Boltzmann constant 
and T the absolute temperature. 
Therefore 
Nx=NN, exP 
ze X] (11) 
and N= NL P[ 
+zOx 
(12) 
x] 
The net charge density p at x is given by 
px = ze [N - X] (13) 
Therefore 
Px= -2ND, ze sieh 
'x (14) 
The potential, is related to the charge density P by Poissons 
equation, 
V 
ýx '_ - 
pX (15) 
C CO 
Therefore, 
d2 ýx 
_ 
2ze Ns _ze yX. (16 ) 
I Co dx2 £ 
kT 
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where e, = the dielectric constant of the medium 
Co = the permittivity of vacuum. 
Therefore 
if x=1, exp 
k (17) 
where ýo the electrical potential at the solid-liquid interface.,,, 
2 N. z2e2 
and K (18) 
E CO 
Thus the potential drops exponentially with distance. 
The Guoy-Chapman model of the double layer leads to very high charge 
densities near the surface because it assures ions as point charges 
neglecting their size. Stern [65] proposed a modification of the 
theory whereby the closest approach of an ion is limited by its size. 
Thus in the Stern model the counter-ions are located at a very small 
but fixed distance from the surface of the particle., Stem could then 
assume the simplification, that in this region, the 'Stern layer', the 
electrical potential drops linearly with distance from *o at the 
surface to ýs at the edge of the layer where d is the thickness of 
the Stern layer. This scheme is shown in Figure 5. Outside the Stern 
layer is the diffuse layer, whose ion concentration decreases 
exponentially to the bulk ion concentration. 
Modern concepts of the nature of electrical double layers continue to 
be developed and applied to existing knowledge about the double layers 
of colloidal clays (75,761. As shown in Figure 5, the double 'layer 
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around a clay particle consists of the inner Stern layer and an outer 
'diffuse' or Guoy layer. Within this system there are three planes of 
significance: the clay surface or clay-water interface, the outer 
Helmholz plane (OHP) and the plane of shear. 
The OHP is the plane that defines the outer limit of the Stern layer 
i. e. the layer of counter ions condensed on the particle surface. The 
plane of shear is the plane on which-shear occurs between the envelope 
of fluid that moves with the particle and the bulk fluid. In, the Stern 
layer the ions are assumed to oscillate about fixed adsorption sites 
whereas in the diffuse layer they are assumed to undergo Brownian 
motion. 
In applying-double -layer 
theory to clays, the Stern layer is often 
ignored in order to simplify the analysis which is then based solely 
on the description of the diffuse layer. 
In aqueous solution the repulsive forces due to the interaction of the 
double layers around similar particles can overcame the Van der Waals 
attraction and hence affect the deposition and condition of 
attachment of particles. The classical DLVO theory (Derjaguin, Landau, 
Verwey, Overbeek) considers the effect of double layer interaction on 
the stability of hydrophobic colloidal sols [66,67,74]. Their theory 
calculates the double layer interaction for the conditions of 
constant surface potential or constant surface charge, these 
conditions being determined by the properties of the surface. Double 
layer thickness was assumed to be small compared to particle radii and 
it was also assumed that the potentials of interacting particles could 
be equated with the zeta potential of the individual particles. The 
summation of Van der Waals and double layer forces for varying ionic 
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strengths enabled the calculation of the total interaction energy for 
coagulation. The DLVO theory is used as a basis for the study of many 
particle-surface interaction systems. 
The zeta-potential of 'a clay particle or surface is the potential at 
the plane of shear. It is often assumed to be equal to the Stem 
potential, 'ýs where S is the thickness of the Stern layer. The 
difference between these two potentials is generally regarded as being 
insignificant [27]. The zeta-potential, often used as a measure of 
the double layer thickness, is estimated by measurements of the 
electrophoretic mobility of particles. Electrophoresis involves the 
measurement of the velocity of particles in a suspension which is 
subjected to an electrical field. SmolucI wski [77] developed an 
expression to calculate the zeta potential from mobility data: 
E 
Z (19) u-4. 
ßu 
where u= particle mobility, m2s 
1V -lm 
c= permittivity of median, kg-lm-3 A2sec4 
viscosity of the suspension, kgn-ls 
1 
Vz = zeta-potential, V 
The expression holds for the condition that the particle radius is at 
least two hundred times the double layer thickness. 
James and Williams measured the particle interactions in kaolinite 
suspensions for a range of pH values and NaCl concentrations fron 
10-4M-10-1M [78]. Zeta-potentials were determined under these 
conditions (Table 3). Their analysis concluded that face-edge and 
edge-edge are the likeliest forms of association in clay suspensions. 
35 
Extensive work has been done on the characterisation of kaolinite 
suspensions with respect to their zeta-potentials and ion exchange 
properties [79-85]. 
Double layer interactions are significant in the determination of 
adhesion forces between similar and dissimilar particles. Hogg et al, 
studying the stability of colloidal dispersions of dissimilar 
spherical particles, reduced the problem to a development of the 
plate-plate system for which the interaction potential can be 
approximated by, for potentials less than about 25 mV [68]: 
=KZ 
dX2 
where K= 87rce2z2/ckT, the Debye-Huckel parameter 
and *= surface potential in esu (electrostatic charge units) 
c= bulk im concentration, ions/an3 
e= permittivity of the medium 
e= electric charge., 
z= valence of ionic species 
k= Boltzmann's constant 
T= absolute temperature, and 
*, c and z referring to each ionic species in turn. 
For a spherical particle system, the interaction potential is: 
(20) 
00 
VR =f 27rh Vl dh (21) 
where Vl = interaction potential energy for plate-plate system under 
similar conditions. 
h= separation distance. 
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The general solution of this can be simplified for the case of 
identical, spherical particles to give the interaction potential 
energy as: 
V= Ea _ In [1 + exp (- ý)] (22) R2 
where a= particle radius 
ýo = surface potential of the particles. 
Ho = the shortest distance between the surfaces of the particles 
Their analysis confirmed the accuracy of the linear Debye-Huckel 
approximation for low surface potentials. 
Gregory more recently estimated the double layer force between two 
plates as [69]: 
FDL = nKT [(2y1y2 cosh FBI-y12 - y22)/sinI? KH] (23) 
where n= number of ions per unit volume 
k= Boltzmann's constant 
T= absolute temperature 
yi = ze *i/kT, the reduced surface potential 
z= the valency of counterions, 
e= the electronic charge, and 
ýi = the surface potential of particle i 
K= the Debye-Huckel reciprocal length parameter given in, 
K2 = 2e2nz2/ kT, where, 
e= the permittivity of the medium. 
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Visser used a concentric cylinders technique to determine the effect 
of pH on the adhesive force between submicz carbon black particles 
and a cellulose surface [70]. Fran deposition and centrifuge removal 
experiments, the adhesion force was found to be a maximum at a pH = 
3.3 whilst a state of zero charge for this system was also found to 
occur at this pH. It was shown that, under these conditions, only Van 
der Waals dispersion forces were operating. 
Double layer repulsive forces were found to be solely dependent on the 
surface potential of the flat cellulose surface in a further 
investigation in which colloidal polystyrene particles were used, 
Visser [71]. 
The adhesion behaviour of dissimilar surfaces, termed heterogeneous 
interaction, has also been studied by Amelina et al [72], and Revut et 
al, who correlated the zeta potential with time of existence of an 
adhesion bond [73]. Short-range electrical forces have been little 
studied [88]. 
Ion adsorption characteristics of minerals have recently received some 
attention [76,86]. Results from these works have introduced concepts 
of 'surface-ccmplexation' for describing the binding of counterians in 
the double layer. The classical Guoy-Stern double layer model 
continues to be extended by theories of ion adsorption. 
2.4.2.1 The Double Laver an Edqe Surfaces of Clav Plates 
At the edges of clay particles, the silica and alumina crystal sheet 
structures are disrupted and primary bonds broken. An electric double 
layer is created by the adsorption of potential determining ions in 
such cases. Where the octahedral sheet is broken, the edge surface 
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is canparable to the surface of an alumina particle.. Alumna surfaces 
have positive double layers in acid solution with aluminium ions 
potential determining and negative double layers in alkaline solution 
with hydroxide ions acting as potential determining. However the zero 
point of charge is not at neutral pH; this is found to vary with 
crystal structure, so in neutral clay suspensions it is possible that 
a POSITIVE double layer exists on edge surfaces due to the exposed 
alumina sheet. This double layer may become more positive with 
decreasing pH and vice versa, but the net electrophoretic charge of a 
clay particle is ALWAYS negative due to the predominant effect of the 
flat surface in electrophoresis experiments. A classic demonstration 
of this is the adhesion of gold particles to the edges of clay plates 
[87]. A similar effect was observed with mica particles, with the 
negatively charged gold sticking to the positive flat surfaces of the 
platelets. 
Where the silica sheet is disrupted compares with the surface of a 
silica particle. Silica surfaces are normally negatively charged 
but can became positive in the presence of even small its of 
aluminium ions [27]. Since a clay suspension will contain aluminium 
ions by dissolution, a positive double layer on the broken silica 
surface edge can exist. Also the silica sheet can be broken at points 
where the aluminium ions have substituted in, although there is no 
evidence for this. However it can be seen that the silica surface can 
behave as an alumina surface, thus the whole edge area may be 
negatively changed and thus carry a POSITIVE double laver. 
Clays show a small anion exchange capacity under certain conditions 
e. g. kaolinite shows a small anion adsorption capacity in slightly 
acid conditions but not in alkaline pHs. The positive double layer is 
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then responsible for the adsorption of anions as counter ions. The 
small cation exchange capacity observed is due to the negative double 
layer on the flat surface resulting from isomorphous substitutions in 
the kaolinite lattice. 
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CHAPTER 3 
LITERATURE REVIEW II 
3.1 INTO X TIOM 
The fluid flow conditions in a reservoir during water flooding can 
have a marked effect on the detachment, migration and subsequent re- 
capture of colloidal fines. Flooding velocities in the well-bore 
region are usually maintained high enough in order to keep entrained 
solids in suspended state. Away from the well-bore, velocities are of 
the order of a few metres per day. These are comparable to those found 
in deep-bed filtration processes. Work reviewed in Chapter 2 has shown 
the existence of a critical velocity for pore-plugging. This Chapter 
presents a review of general porous media flow models and an 
application of these models to particle behaviour in deep bed 
filtration. 
3.2 FLUID FLOW MODELS 
Models describing flaw in porous media are generally based an the 
Stokes equations of laminar fluid flow. 
The solutions to the Stokes equations for straight cylindrical tubes 
(the Hagen-Poiseuille relation) were employed by Kozeny and Carman in 
the modelling of a packed bed by a bundle of capillary tubes[as cited 
in 106]. -The D'Arcy equation (Equation 1) which gives a linear 
relationship between pressure drop and flow rate is an empirical 
expression. The permeability, K, from the D'P rcy equation in the can 
be found in the Kozeny-Carman equation which relates permeability to 
the porosity and particle size thus: - 
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_1 e3 
1 Kk 
(1-e)2 S2 
where e= porosity 
S= specific surface area 
k= Kozeny-Carman constant (usually equal to 5). 
(24) 
At high solids concentrations the effect of increased particle 
interactions on the resistance to flow is marked and ron-linearity in 
the flow rate-pressure drop relation occurs requiring high values of 
the constant k. To take account of these. factors, Happel. [103,110] and 
Kuwabara [103] independently developed theoretical models to represent 
the relative motion of any assemblage of particles in a fluid. 
In these models particles in an assemblage are represented as spheres 
each surrounded by a fluid envelope or shell which contains a volume 
of fluid equal to. the, relative volume of fluid to particles in the 
whole assemblage (or porosity). 
The following boundary conditions were applied: 
i) a frictionless surface of the fluid envelope i. e. no tangential 
stress 
ii) no radial flow of fluid across this surface, and g 
iii) no slip at the particle (inner sphere) surface. 
Happel [103] used the general solution of the Stokes creeping motion 
equations to derive the relative particle-fluid velocity in terms of 
particle dimensions only: 
3-aY+ay5-3Y6 
V/vo 22) AP (25) 
3+ 2Y5 Apo 
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where 
I_ particle radius _a fluid sphere radius b 
and e=1- y3, where el = porosity. 
The subscript 'o' represents the dilute solutions 'no interaction' 
condition when P= Po. In the case of porous media, 
v= vo 
as the particles comprising the medium are fixed. The model takes 
particle interactions into account to a greater degree in that, as the 
porosity decreases the fluid shell around each particle shrinks. 
However, the extent of the distortion has not been evaluated in the 
model, each cell being assumed to remain spherical. Also the 
assumption of a free surface means that disturbances within any cell 
are not transmitted to neighbouring cells. The Happel model agrees 
well with the Kozeny-Carman theory for porosities from 0.2-0.6. 
The shear and lift forces acting on small particles near larger 
surfaces have been studied by a number of workers [134,136-7]. The 
shear force experienced by a particle very close to a surface can be 
approximated by: 
FSH =6 iru apt 
3 As 
aU 
Sin Ap 
(HD+l) F(HD) (26) 
2 as 
where ap = particle radius 
as = collector radius 
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As =a dimensionless function of porosity given in Happel's 
model [138] 
U= superficial velocity 
0P = angle of incidence of flow (Figure 55a) 
HD = dimensionless gap (= h/ap) 
F(HS) =a universal function-of HD 
For flow in consolidated' media (e. g. sandstone) there is increased 
resistance to flow due to the existence of sealed pore channels which 
do not affect the porosity but may reduce the permeability. For porous 
media in general, the flow regime can be described by the modified 
Reynolds number 
Red=p vdp 
ue 
where e= porosity, and 
(27) 
dp = average pore diameter (often taken as the average particle 
diameter). 
= viscosity of liquid 
P= density of liquid 
The laminar flow theory as employed in the Carman-Kozeny and Happel 
models does not consider the random inertial forces which arise in 
porous structures as a consequence of pore size distribution. Collins 
[105] and others [106-8] have reported a transitional Reynolds number 
for the onset of inertial effects which is in the range from one to 
ten. 
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Scheidegger stresses the disorder of porous media and that any -model 
representing flow should be based on statistical methods [109]. 
Payatakes [111] with other workers [112] takes this into account and 
proposes a porous bed model consisting of a series of unit bed 
elements each made up of a series of unit cells resembling constricted 
tubes arranged in parallel. This was simplified to a description of 
the flow through a periodically constricted tube which was considered 
to represent the nature of a flow channel in a packed bed. Their 
theory-defines geometric parameters for the constricted tube as 
follows: - 
i) Periodicity, R=[ 6(1 
le) 311/3 
- 
where dg = diameter of spherical grains 
and e= porosity. 
ii) Canstricticn size distribution (C5D), and 
iii) Number of constrictions/unit cross-sectional area of bed. 
Using the geometric factors in the solutions of the Stokes Navier 
equations, in which the inertia terms were included, a correlation was 
obtained between the packed bed friction factor expressed as: 
mod fs- 
AP 
S 2P-VS2 
where vs = superficial velocity, 
and the superficial Reynolds number: 
(28) 
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(NR)S 
a-; s (29) 
11 
as follows: 
fs 
[2 
dc cg] AP1 ,. (30) 
Nc 7rkdc (NRe)s 
where dc 
dg 
P1 
Nc 
= an effective average constriction diameter 
= an'effective average grain diameter 
= dimensionless pressure drop 
=number of constrictions per unit cross-section of bed 
Calculated and experimental friction factor values were compared over 
the range, of Reynolds numbers from one to ten. 
For beds of glass, spheres agreement between model and experiment was 
reported to be -4% whilst for a bed of sand grains this was +12%. 
Although the model accounts for inertial effects at the higher 
Reynolds number values and therefore is more suited to gas and aerosol 
flow, it was not applied over the whole range of porosities as was the 
Happel model and hence its validity for all systems is uncertain. 
Rajagopalan and Tien [113] canbined the constricted tube model and the 
Happel spherical cell approach whereby the former was used for 
pressure drop estimation in a packed bed and the latter for particle 
deposition studies. This approach reduced the excessive computation 
involved in the numerical solution of the flow and trajectory 
equations used in the constricted tube model. 
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3.3 PARTICLE SURFS INTE CTIa S 
3.3.1 The Rotating Disc 
The rate of particle transport and deposition onto a collector surface 
has been studied by many workers with the aid of experiments using the 
rotating disc apparatus [89-96]. The apparatus consists of a 
collector surface rotating at constant speed in a dilute particle 
suspension. A rigorous theory of the hydrodynamics of the flow near 
the collector [89] has ensured the use of this technique for 
classical particle deposition studies. 
3.3.2 Staanatioz Point Flow 
Recent work on the deposition of colloidal particles has advanced 
existing experimental techniques by enabling an optical observation of 
deposition in situ under 
. 
specified hydrodynamic conditions [97-8]. 
The technique has been developed from work in the area of impinging 
jets of both liquids and gases [99-102]. 
In the apparatus, a stream of colloidal dispersion flows up through a 
tube, impinging and depositing particles on a glass slide placed 
normal to the flow. Unlike the rotating disc methods, which involve 
removal of the surface from the suspension, the collector surface 
remains undisturbed throughout an experiment. Observations and 
particle counts were made from above the slide. 
The theoretical treatment assess laminar flow conditions with the 
existence of a stagnation point near the deposition surface. The flux 
of particles to the surface was obtained by defining the flow field in 
the following steps: 
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i) vorticity w= 
8vr 
- 
aVz 
X31) 
az 8r 
and, 
ii) the stream function , as 
v= S and v1 (32) z rar rr az 
The terms w and i are applied in the Navier-Stokes flow 
equations for steady-state, non-inertial flow. 
iii) The flaw field near the stagnation point is then described by 
considering the diffusion layer thickness to be much smaller 
than the laminar flaw boundary layer thickness. 
iv) The mass transfer problem is simplified by assuming that 
attractive forces near the surface are cancelled by the 
increased hydrodynamic resistance here, thus, for a negligible 
energy barrier, the flux is represented by a non-dimensional 
Sherwood Number (Sh), in terms of 
'a dimensionless Peclet Number 
(Pe) and gravity number (Gr). 
v) A force balance is conducted to account for the electric double 
layer force, Fe, the London dispersion (Van der Waals) force, Fd 
and the gravitational force Fg. These are summed for the z 
direction resulting in the force balance, 
Fz = Fe + Fd + Fg (33) 
Deposition, which was measured as the number of particles deposited 
per 100 m2, denoted by the coating density S, was found to decrease 
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with time and with decreasing Reynolds number. Two factors were 
proposed to explain this non-linearity, 
i) particle detachment, and 
ii) blocking or masking effects. 
Double layer interactions were considered insignificant as there was 
little change in the zeta-potentials of the colloidal particles and 
surface. For a sodium chloride electrolyte concentration of 10-3M, the 
suspensions were stable hence coagulation effects were also 
negligible. 
The effects of 'masking' and 'escape' of particles were introduced as 
coefficients, ßm and ße where 
ßm = 7r a2 yJo (34) 
surface blocked per particle 
where a= particle radius 
=a dimensionless coefficient expressing the number of 
particle cross-sections blocked per particle, and 
o= initial flux given by 
Sh=J a oDoCO (35) 
where Do = diffusion coefficient of particles in the bulk solution 
Co = initial particle concentration. 
ße carbines transport and interaction energy effects 
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e=Sh h2 
af exP [-ý(h)l dh 
hl 
(36) 
where $(h) is a dimensionless interaction energy function such that 
I.., ý (h) -)- 0, as h ->, ca 
where h is the distance` away from the surface, h1 can be taken as very 
small for. convergence, and h2 at points depending on the existence of 
energy maxima or minima. Thus the coating density, 
S(t) = 
J°ß (1 e (ßm +0e)t)] (37) ßme 
I.. 
The observed 'blocking' effects when deposited particles hinder 
deposition in an area of 20 to 30 tunes their cross-sectional area 
were reported as 'shadowing' effects by Pendse et al [123]. This 
illustrates the significance and extent of particle-particle 
interactions in the deposition process in addition to the particle- 
surface effects which have been widely studied. 
The importance of microscopically sniooth surfaces was stressed, since 
the 'micro-roughness' of both particle and deposition surface can 
change double layer interactions and cause abnormal charge 
distribution. It is possible that where the surface roughness 
dimension of particles and surface are approximately the same, 
conditions are favourable for deposition. Alternatively mechanical 
interaction may occur, interfering with the electrical interaction 
forces. 
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3.3.3 Particle nntrairment 
It is not-'yet known how changes in the parameters (diffusion, 
hydrodynamic, and electrochemical) - which bring about particle capture 
can influence the escape of these particles fron collecting surfaces. 
Dabros°and'Van de Ven [98] proposed that thermal motion and turbulent 
flow effects explained particle removal and the consequent non- 
linearity of deposition. Detachment was observed under both turbulent 
and laminar flow conditions and the depth of the potential energy 
mininun was considered significant. 
Turbulence was initially proposed as a factor in detachment by Cleaver 
and Yates [133] based on the occurrence of random lift forces near a 
surface. They proposed that for detachment to occur the lift forces FL 
must overcome the adhesion forces FA. 
For a spherical particle deposited on a pipe wall, the lifting force 
due to turbulent bursts was given as: 
FL _p 
2 (av*)3 (38) 
where kt is a constant in the range 0.1 to 10 
and p is the fluid density 
v* is the Blasius friction velocity 
a is the particle radius 
v is the liquid viscosity. 
The adhesion force could be approximated by: 
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FA= , ca (39) 
where e is a constant incorporating separation distance, - the Hamaker 
constant and surface potentials. 
For the case of London-Van der Waals force only, e=A, the Hamaker 
constant. Thus it was s1 n that, 
a>(Av* )1/2 (40) 
6 kt b02pv3 
s. ýý 
where ho is the shortest distance- between sphere and collector 
surface. 
Turbulence induced forces could explain the observations of Ison and 
Ives [117] who noticed that kaolinite particles flowing in solution 
through a packed bed of glass spheres 'drifted laterally' in the bed. 
These effects, also observed by Hunter and Alexander [83], were partly 
attributed to inertial effects, which are usually ignored in deep bed 
filtration on the basis that Re ' 1. However, detachment and lateral 
migration have been reported even under low Reynolds number 
conditions [116]. Saffman had already investigated the lift force on a 
sphere in low Reynolds number flow [134]. 
The approach by Ison and Ives [117] in identifying different Reynolds 
number groups, depending on the nature of the flow, is significant. 
They proposed the use of four more Reynolds numbers as follows: 
Re =-ü', Re =VüP 
Rek = 
ke2P 
and Rew _ we2p 
u 11 
52 
where e=' effective' diameter of suspension particle 
SZ = angular velocity of suspension particle in shear flow 
v superficial` or approach velocity 
k'= fluid velocity shear gradient, and 
w= frequency of flow pulsation 
Although this approach has not found widespread support, it is evident 
that the Reynolds parameter can be' better correlated with the 
detachment; migration and secondary deposition effects which have been 
reported. In porous media flow these pherxiiena appear to be sensitive 
to 'local' flow patterns and velocity gradients which generate point 
to point variaticns in the value of the Reynolds number. ' 
The microscopic surface roughness of porous media particles, as 
already mentioned, also influences the behaviour-of all particles. 
Dabros has introduced this factor-as a dispersion (Van" der Waal's 
force)"retardation term [98], as follows: 
(1 + 0.5 b/d) (41) 
where b= thickness of'an 'outer rough shell' of the particle, and 
d'= closest distance between surfaces. 
In this'respect, two factors are significant: 
i)` the comparative size of 'roughness' and particle, and 
ii) the relationship between the roughness and the Reynolds number. 
It is apparent that a more rigorously calculated Reynolds number 
near the surfaces of a particles and grain surfaces is needed before 
the effect of turbulence can be evaluated. 
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3.4 DEEP BED FILTRATION 
3.4.1 Clean, Filter Beds- 
The capillary, cell and constricted tube models for fluid flow have 
all been applied to describe the phencmezx n of particle deposition in 
granular deep bed filtration. This process, is used primarily in water 
and waste water filtration but also has applications in porous media 
flow in"general. The efficiency of the process is normally 
characterised by: 
i) the filtration or particle removal efficiency, and 
ii) the pressure drop characteristics as a , function of time. 
Iwasaki carried out an experimental study on the filtration through 
sand beds, of water contaminated with bacteria and suspended matter 
[114]. He defined and obtained values for a "penetration coefficient" 
or "impediment modulus" for different sand grain and suspended matter 
sizes and at varyirrg filter velocities. 
The mechanisms of particle capture in liquids were only understood 
after work had been done on aerosol and gas filtration through fibrous 
media, -cne of the main contributors being Langmuir [115] in his report 
on smokes and filters. Extensive work has since been done on the 
nature of particle capture processes in deep-bed filters [126-130]. 
Herzig has developed a mathematical model of deposition and pressure 
drop in the deep-bed filtration of suspensions [131]. Work has also 
been done in this area using kaolinite [132]. 
Yao et al [116] developed the particle-collector concept for granular 
filtration and analysed particle capture in two stages: 
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i) a transport step in, which suspended particles are brought into 
close proximity with the collector, and 
ii) an attachment step. 
Only transport mechanisms were considered; these' being identified as: 
iii) Braunian diffusion 
iv) gravitational settling, and 
v) interception. 
Diffusion effects were significant only for sub-micron particles, the 
magnitude being given by the diffusion coefficient, D, in the Stokes- 
Einstein approximation 
D= kT/3 7T ud (42) 
where k is the Boltzmann constant; T the absolute temperature, u the 
viscosity and d the particle diameter. The gravitational and 
interception mechanisms take account of respectively, 
i) the particle-fluid relative density causing a denser particle to 
deviate fron fluid streamlines, and 
ii) the particle size which determines the path of the "limiting 
particle trajectory" from which a particle will be just captured. 
The model conducts a mass balance about an elemental volume of 
suspension 
ac 
+v. VC=DV2C+(1-PW)3Tf'g C (43) 
P 
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where D is the diffusion coefficient, C is the local concentration of 
suspended particles, v is the velocity of water, pw and' pp are the 
densities of water and particle respectively, and z is the coordinate 
in the direction of gravitational force. 'The -numerical solution:: of 
this equation involves the single collector efficiency 
n_ rate at which particles strike collector 
rate at which particles flow towards collector 
which determines the overall filter efficiency. ' 
The analytical solution of the mass balance equation was limited to 
the determination of the single collector efficiencies for the 
diffusion, interception and gravitation mechanisms operating 
individually, 
nD = 4.04 Pe 
2/3 
=, 0.9 udp 
ä 
X0)2/3 
(44) 
3 dý)2 nI _ -2 (d (45) 
(Io - P)5dr (46) 18uvo 
and it was proposed that the overall filter efficiency 
n= nD n2 + nG (47) 
as an approximation of the result of the numerical solution. 
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It was experimentally shown using latex particles and glass beads that 
there exists a size of suspended particles for which the removal 
efficiency is a minimum and that this size is typically 1 um for water 
filtration. These observations were confirmed in the theoretical 
model. The diffusion, gravitation and interception mechanisms were 
each found to be at their respective minima for this size of suspended 
particle. - - 
The theory was formulated on the assumption that particles are 
captured by the collector at the first contact, and, once captured, 
remain in the same position on the collector. However, the effect of 
the accumulation of deposits on the hydrodynamic conditions in the bed 
was not evaluated, since only clean filter beds were modelled. ` 
Two main conclusions were reached: 
i) the removal efficiency of a packed bed is independent of the 
initial suspended particle concentration, and- 
ii) destabilising chemicals including some polymers, enhance 
attachment in filtration 
Ison"'and Ives [117] simulated granular filtration by flowing kaolinite 
suspensions through beds of glass spheres. An additional removal 
mechanism, that of impaction, was considered along with, in 
dimensionless groups, the diffusion, gravitation and interception 
factors. A dimensionless removal coefficient was obtained: 
A=K (P vd) -2.7 (e) -2.3 (Q -p e2 g) 1.3 (48) 
11 d 18 uv 
where K is a constant 
e is the effective diameter of suspension particles 
a-p is the relative particle-to-fluid density. 
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The effect of inertial impaction, ' proposed as a mechanism, was found 
to be negligible for, the experiments carried out in which low values 
(< 1) of'Reynolds number were used. As in the previous. model, initial 
clean filter conditions were considered only. Therefore, with the 
accumulation of - deposits inertial effects would be expected to 
increase due to disturbances in fluid streamlines. The importance of 
the Reynolds number, and non-linear inertia terms in the fluid flow 
equations was emphasised. 
The 'capture-on contact' principle used by previous workers was 
discussed by Gimbel and Sontheimer, in a study of particle deposition 
in sand filters (118]. It was pointed out that for large particles of 
size -= 35 j im, experimentally obtained removal efficiencies were much 
lower than model values. This suggested use of capture probabilities 
of considerably less than unity. For small-particles (_ <3u m) model 
values were much, lower than experimental values and this was 
attributed to surface roughness of the sand- grains. Model results 
taking these-factors into account showed closer agreement with 
experimental results for negligible double layer repulsion (this was 
obtained by dosing with 16 ug/1 optimum dose of a cationic 
polyelectrolyte). Colloidal particles were not considered in the 
model. 
3.4.2 Clogging filter beds 
Discrepancies between theoretical models and experimentally derived 
results are marked after the initial 'clean' filter period. Thus 
recent work has concentrated on the dynamic behaviour of deep bed 
filters. 
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Tien et al studied earlier experimental investigations on the nature 
of deposition in aerosol streams in fibre filtration [119]. They 
proposed that deposition could be described by two'factors: 
i) suspended particle size, and 
ii) the random position of particles in the flowing stream. 
The deviation of fluid pathlines (and therefore particle trajectories) 
by a deposited particle results in a "shadowing" effect giving reduced 
deposition in the surrounding area. However, the chance of a chain or 
dendritic formation of particles increases due to the protruding 
particle-which increases the projected surface area of the collector. 
The deviation of fluid streamlines approaching a deposited particle or 
dendrite and the inability of suspended particles to follow the 
streamlines was proposed as a cause of dendrite formation. The authors 
observed that dendrites were usually composed of particles of roughly 
similar sizes. The authors used bulk particle concentrations and 
random numbers to describe the positions of particles approaching a 
collector. ' All contacts were assumed to result in a stable 
deposition. Primary deposition, that is deposition directly onto a 
grain and secondary deposition, onto a dendrite, were identified. The 
increase in drag force was modelled by Pendse et al [120] for, 
a) singly attached particles 
b) ideal particle dendrites, and 
c) particle clusters. 
Their model used Faxen Is drag force equation: 
FD =6 Tr ua [V(0) = 62 V2 V(0)] (49) 
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where a= radius of the- stationary, sphere, and subscript '0' 
represents conditions at the centre of the sphere. 
The total drag on the collector particle system was given by, 
FD = 6TraCl+FDP (50) 
FD, p = (FD, p)11 C120 + (FD, p)1. Sin26 (51) 
The authors proposed that: 
i) for ideal particle dendrites there is a relative reduction in 
drag force increase as the number of particles in the chain 
increases; 
ii) deposited particles greater than 10 particle radii distance 
cause negligible drag force increase; 
iii) interaction effects can be limited to the two closest 
neighbouring particles for any given particle, and 
iv) the pressure drop increase across a clogged filter bed can be 
given by: 
N 
Ap 1, -1 
1F (52) 
Apo FDO i=1 i 
where subscript 'o' refers to clean conditions and LFDi are the 
drag force contributions due to the ith particle for N deposited 
particles on the collector. 
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Chiang and Tien [121] applied this work to characterise:, 
i) the filter coefficient, and 
ii) pressure gradient. 
They proposed the relations: 
F (a a); P/a z'F '(P Q 
ao 1 (aP/az)o 2 
where subscript 'o' represents clean filter conditions 
a is the specific deposit 
and a, a are constants. 
(53) 
The adhesion, probability, also used by Gimbel and Sontheimer [118] was 
also utilised in the model. Their stochastic analysis predicts much 
higher collection efficiencies than given by other models dared 
with experimental results. Functions F1 and F2 were found to be 
independent of bed depth. 
The effects of deposited particles on the macroscopic properties of 
packed beds, were-investigated by O'Melia and Ali [122] and others 
[123-124]., 
O'Melia suggested that for a clean filter the particle removal 
efficiency is independent of the influent concentration or in equation 
form, 
ac 
= Xc where a f(co) (54) aL 
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However, the removal efficiency increases with increasing influent 
concentration after the initial period. This is due to the retained 
particles acting as collectors as they present an increased surface 
area to the flowing suspension. 
Suspended particle size was found to be inversely proportional to the 
pressure drop increase. Thus sub-micron particles were found to cause 
the largest head losses. Earlier work by Yao [116] had showed that 
1j im, particles were found to have the lowest removal efficiencies. 
This suggests that deposition mechanisms for this size of-particle are 
less effective generally. 
A network model approach was described by Leitzelement et al [125] in 
a study of particle deposition in a two-dimensional square array of 
tubes of randarly detennined sizes. The effects of deposition on the 
permeability were related to: 
i) the pore size distribution, and 
ii) the interconnection of pores. 
Dispersion effects and the formation of "preferential" paths through 
the network were proposed. However, the combination of randan tube 
size distributions and 'regular' array interconnections meant that the 
flow resistance could not be accurately modelled. The process of 
averaging pore sizes also introduced sane error. It was concluded that 
a much larger network model was needed. 
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QIAP ER 4 
WORK 
4.1 it rnoixx riO 
An experimental investigation was conducted to determine the cause and 
effect of clay mobilisation. Sandpacks were used as model reservoirs. 
The flooding parameters were, the salinity of fluids, their pH, 
contact time and flowrate. The interaction of kaolinite particles 
with silica surfaces was studied in a specially designed apparatus, 
under canparable conditions to those used in-the sandpack tests. The 
analytical techniques included Atcmic Spectroscopy, clay canpositicn 
and size analysis and work with the Scanning Electron Microscope. 
4.2 RESERVOIR CORE FLOODING 
Despite the unsuitability of -reservoir core material for extensive 
tests, it was important to conduct at least one experiment on a core- 
flooding rig. - This was done in order to place water sensitivity 
effects-in the context of actual reservoir permeabilities and flooding 
rates. 
A non-extracted core (1" x 1") from a suspected water-sensitive 
sandstone in the North Sea Forties field was tested*. The test rig, 
shown in Figure 10 was enclosed in an isothermal cabinet operating at 
25°C. The core sample was placed in the sleeved core-holder. An 
* BP Research Centre, Petroleum Engineering Branch, Sunbury-on- 
Thames, Middlesex. 
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external pressure of 30 bar was applied to the sleeve. Filtered 
fluids were supplied to the core with an Altex twin-cylinder pes. 
The fluid flow sequence is listed in Table 9. The measured variables 
were the inlet pressure and effluent flowrate. 
4.3 USE OF SANDPACKS 
Previous researchers have used either core or sandpack-flooding 
experiments to study formation damage behaviour. In the case of core- 
flooding, reservoir cores obtained from drilling operations are tested 
in sleeved holders under simulated reservoir temperatures and 
pressures. In packed bed studies, unconsolidated sand or glass 
ballotini is°flooded under single or multiphase conditions. The 
disadvantage with the use of ballotini beds has been the problem of 
achieving adhesion between clay and ballotini surface [117]. 
Moreover, it is doubtful whether the nature of adhesion of clay on 
natural sands can be represented in these systems. The use of 
capillary-network models has been successful in the study of oil-water 
interfacial phenomena and multiphase flow behaviour, however their 
application in formation damage studies has so far been limited 
because such models are not well-suited to the study of hydrodynamic 
and ionic effects. In selecting the best method of permeability 
testing, the difficulty in maintaining similar core properties on a 
run to run basis was considered a major disadvantage of the core 
flooding technique. Reservoir sandstone is invariably a heterogeneous 
and isotropic material. The scarcity of cores and their cost is an 
added disadvantage. The flooding of unconsolidated sandpacks at 
velocities prevailing during waterfloading offered some similarity 
with the type of flow in a reservoir formation, despite an order of 
magnitude difference in permeability. A further significant advantage 
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of the use of sandpack flooding` as a basis of permeability analysis 
was that, with careful preparation, the sandpacks would-be homogeneous 
and reproducible. 
The degree--of canplexity, of the experimental system, and hence the 
analytical techniques required to interpret the results obtained, was 
further minimised by the selection of single phase experiments 
throughout the progratmie. 
4.3.1 "- Selection of Sand 
A test sand was desired with grain properties and clay mineralogy 
which were similar to those of the Forties sandstone in the UK North 
Sea. Secondly a packed-bed of the sand should be of porosity and 
permeability characteristics giving measurable pressure drops during 
flooding. A size fraction of sand produced with oil and separated out 
at the wellhead was a candidate for a test sand. 
4.3.1.1 Reservoir Separator Sand 
Produced oil contains entrained solids which are separated at the 
wellhead by sieving and sedimentation processes. These solids consist 
of the finer grades of sand, silt, clay and organic matter. The sand 
fraction is normally cleaned for experimental use by a standard 
technique which does not hydrate any clays present. This fraction, 
termed separator sand, has been and continues to be used as an 
important material for formation damage studies. 
The canposition, sieve and BET surface area analysis of the Forties 
separator sand from the North Sea are given in Tables 5 and 7. 
Scanning electron micrographs of separator sand grains (Plates 1-2) 
illustrate the characteristic features of crystalline grain structure 
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in the well defined edges and clear faces on generally semi-rounded 
grains. The average grain diameter can be seen from Figure 8 to be 116 
microns, with a grain size distribution from 50 to 150 microns. 
Evidence of fine clay materials can be seen in the grain surface 
crevices and where high surface roughness of the sand grain occurs. 
The fines content of separator sand, measured as alumino-silicate 
materials less than 45 microns, was in the region of 5-6% wt and 
consisted primarily of quartz fragments, kaolinite, illite, mica and 
some feldspar. The analysis is shown in Table 7 and Plate 14 examines 
the clay fraction of separator sand with the electron microscope. 
Although it was intended to use separator sand as a basis of the 
permeability testing, preliminary tests showed that some batches were 
water-wet while others remained oil-wet, making, a case for 
representative testing difficult. This was possibly due to the 
cleaning procedures it had undergone. This initiated the search for 
other sands-with similar properties especially with respect to grain 
size and the clay analysis. 
4.3.1.2 Red gill and Chelfor+d Sands 
A number of sands were used to identify the most suitable from an 
experimental point of view. These sands included cannercial grades of 
sand used in the building industry and as moulding sands*. Their sieve 
analysis and composition results are given in Tables 6 and 8. 
As can be seen from these data, such sands were incanpatible with 
reservoir separator sand in tezms of mineralogical canposition (low 
kaolinite content) and grain properties. 
* British Industrial Sands Ltd. 
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The analyses show that the Chelford 95 grade contained approximately 
10% of fines, mainly as feldspar and mica. The lack of kaolinite and 
illite clays in the fines fraction, which were of primary interest, 
made this sand unsuitable. The Redhill 110 sand possessed similar 
properties to the reservoir separator sand in its grain surface 
structure and fines composition. However, the total fines amounted to 
approximately 2%, a value which was slightly lower than acceptable 
when compared with separator sand on BET surface area tests. 
4.3.1.3 Fine-Grey Sand 
A sand which possessed roughly similar properties to reservoir 
separator sand was selected after consultation with the British 
Geological Survey*. The sand was located at an open quarry site near 
Ightam, Kent**. The sieve and composition analysis of the 'Fine-Grey' 
(FG) sand is shown in Tables 5 and 7 where it may be compared against 
reservoir separator sand. Plate 3 and scanning electron micrographs 
(Plates 16-17) show features similar to Forties Separator and grains 
with respect to their surface structure and the morphology of fines 
associated with the sand grains. Fine-Grey sand is a water wetted 
sand with 5-8$ wt associated fine materials, mainly quartz, illite and 
kaolinite. 
4.3.2 Preparation of Sandpacks 
An often used method of bed preparation in flooding tests is dry 
packing, compacting and evacuating before allowing fluid to flow into 
the bed. This can only be done with a steel column which has the 
drawback that the quality of the packed bed cannot be observed. 
* British Geological Survey, Nottingham 
** Ightam Sand Pits Ltd, Ightam, Kent 
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PLATE 1A NORTH SEA RESERVOIR SEPARATOR SAND (x500) 
PLATE 2 SEPARATOR SAND GRAIN SURFACE SHOWING CLAY MATERIALS 
IN CREVICES (x2000) 
PLATE 3 FINE-GREY SAND (x100) 
Glass apparatus was used in order that the homogeneity and total 
liquid saturation of the sand bed could be visually confirmed. The 
best method of producing a completely water saturated homogeneous bed 
was by simultaneously flowing sand and water into the column at a 
slow, regular rate. At the same time a laboratory vibrating probe was 
applied to the outside wall of the column. This greatly assisted in 
compacting the bed and releasing trapped air bubbles. Some fines were 
inevitably transferred to the liquid phase during the packing process, 
however their quantity was minimal and they were transported through 
the bed during the first few minutes of water flow without effect. 
This method produced homogeneous, fully saturated sandpacks. 
Porosities and permeabilities in the region of 30% and 5-7 Darcy, 
respectively, could be' reproduced. Figure 9 shows that sandpacks 
prepared in this above described manner were homogeneous. 
4.3.3 Constant Head System 
Some preliminary experiments 'were performed in order to observe the 
pressure response of sand beds under constant head liquid flow. Figure 
11 shows the apparatus constructed for this purpose, consisting of an 
array of Quickfit glass columns of 2 inch internal diameter. These 
were fed with flooding fluids fran Marriott bottles which provide a 
constant head flow. One column had side-wall tappings for connection 
to water marxxneters. The tappings were plugged with a porous pad of 
cotton wool to prevent transfer of bed solids and fines. The sand beds 
were supported on porous glass sinter discs formed into the end 
fittings. The Redhill 110 sand was used during these tests. 
Sandpacks for each experiment were prepared with distilled water as 
described in Section 4.3.2. The following fluid displacement 
experiments were conducted: 
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Run No. Description 
2 1% wt NaCl - distilled water (DW) 
3 1% wt CaC12.6H20 - DW 
4 1% v/v surfactant - DW 
5 0.01 M HCl'- DW ` 
6 0.01 M NaOH - DW- 
All flooding solutions were prepared with AR grade salts made up with 
distilled deionised water and adjusted to pH 7 in the case of Runs 2- 
4. 
The maxinnan head available for flow was 0.6m measured to the top of 
the bed. This producedya flow through a typical sandpack (0.5m depth) 
of approximately 10 ml/min corresponding to a superficial velocity of 
1.5 m/hr. In terms of reservoir flooding velocities (1 m/day) these 
flow rates were necessarily high to achieve measurable pressure drops 
and to maintain the ability to detect small changes in the pressure in 
the column. Each solution was allowed to flow through the bed for one 
hour, equivalent to more than three pore volumes. The inlet and intra- 
bed pressures were recorded with water column manometers. The 
effluent flow rate was also measured and the effluent turbidity was 
used as a measure of particle release and migration effects in the 
bed. Turbidity was measured with a Hach Portalab instrument. Ganges 
in the effluent flowrate reflected changes in bed permeability. 
Fran these results it was apparent that a constant rate flowrate 
flooding system could be a more effective technique for the 
measurement of permeability changes in sandpacks. Before embarking on 
this stage however, it was necessary to determine the flocculation 
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characteristics of clay and fines suspensions. These tests are 
described in Section 4.7.1. 
4.4 ,. Constant Rate System 
The investigations of Mungan [34], Jones [18] and Khilar [43,44] 
reported spontaneous permeability reduction when fresh water displaced 
brine in sandstone core samples under constant rate flooding. These 
studies have'indicated particle plugging to be the cause of the 
permeability reduction, however the mechanisms for particle detachment 
and migration are not fully understood. Particularly, the influence 
of ionic canpositien of fluids and factors such as flow rate, fines 
concentration and pH in the clay-sand grain-fluid environment has not 
been fully investigated., One of the primary objectives of the 
experimental work was to determine the causes of particle detachment, 
migration and plugging effects in sandpacks. A summary of the flooding 
experiments is tabulated in Table 11. Experiments were divided into 
two series wherein different experimental, parameters were 
investigated. 
4.4.1 Descriptiaaz of Rig 
Based on the results of the preliminary experiments, ' as interpreted in 
Chapter 5, the constant-rate flooding rig was, designed to measure 
pressure changes in a sand bed under a wide range of simulated water 
flooding conditions. 
Figure 12 is a system flow diagram of the experimental rig for 
sandpack flooding. The apparatus consisted of a vertically meted 
borosilicate glass low pressure liquid chranatography column 400 mit in 
length and 25 nm inside diameter. The maximum fluid pressure rating of 
the leak tight column was 5.5 bar absolute. The column was vertically 
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!T 1ted in a flow system, ansisting upstream of the following main 
elements: 
a) feed reservoirs 
b) high pressure variable-stroke positive displacement plrp (Mom 
PLrps Ltd) 
C) switching valve 
d) isolation valve 
e) pulse danpiz air colum 
f) needle valve (flow rate vaztr o1) 
9) in-line filter (2 miczcon ) 
h) pressure gauge 
A Philips in-line PW9560 conductivity probe was placed in the bed 
cutlet. This probe was electrically connected to a Philips model 9509 
digital conductivity meter. Isolation, needle valves and sample 
collecting vessels were also utilised at required points in the 
system. An output signal fron the conductivity meter was directed to 
the multi charnel chart recorder. 
Of Pmt Importance was the need to reduce the dead volume of the 
SYsten" This was achieved using fire-bone flow lines and elements 
cammnly used in the high performance liquid chztniatography systems 
(HPLC). A Plexiglass safety shield was secured in front of the oolu 
as s1u. n in the photograph of the system, Plate 5. 
Alh there was a need for in-bed pressure measurements, tappings 
could mt be made thrcugh the sidewalls of the glass column due to 
safety considerations. Instead stainless steel fine bore tubing less 
than 2 mit diameter was placed through the upper i'r erxi plate of the 
column. Six tubes were employed in this way such that the in-bed 
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pressure could be measured at equidistant points in the bed or, where 
desired. The arrangement of the tubes and the glass colon can be 
seen in Plate S. Care was taken to ensure that the fluid flow profile 
and more iiortantly permeability would not be adversely affected by 
the presence of the tubes. In tests where a clay dye (methylene blue) 
was employed, there was evidence of minor channelling effects, however 
their overall effect on permeability was found to be negligible. 
FUrtheznnre, since changes in permeability were of interest, this 
potential problem were redx: ed. The ends of the pressure - rnicrotubes 
were connected to fine bore plastic tubing using standard leak tight 
ferrule fittings. An electrically actuated six -port solenoid valve 
block received the Polythene pressure lines Er- u the colon. This was 
in turn hydraulically connected to two pressure gauges one of which 
measured the differential pressure (ma, dirun 1 bar, 15 psi) of any one 
of six levels in the bed with respect to the fluid inlet pressure. The 
column inlet pressure relative to atmospheric pressure was also 
cc ntin ua 1ly mcnitared by a secxxxl pzp-ssse transducer (3.5 barg, 50 
pig max). 
An electrical control module was cxx stzucted to control the operaticn 
of the p . ztp and solenoid valves and to provide power supply 
to the 
PAP which would cut out on an overpressure signal fron the system 
Passure measurement: transducer. A chart recorder output port was also 
available on the ale. 
The sand bed was contained within the two PTFE column end fittings in 
which were inserted 50 micron glass sinter discs which allowed the 
Passage of fines but prevented sand fzrm entering the flow lines. The 
seal between the glass lip of the column and end fittings was 
maintained by using suitably cut rubber washers. The needle valves at 
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the inlet- and: outlet of the column allowed the setting and control of 
flow rate and application of back pressure if operation at higher 
pressure was desired. In addition, the damping of flow pulsations 
produced by the metering pupp could be enhanced with the inlet needle 
valve and air column system employed. This was observed when an 
oscilloscope was connected to the pressure measurement system. It was 
verified that pulsation amplitude was significantly reduced by using 
the inlet needle valve. The rig could be controlled automatically or 
manually. In manual control, the pressure at any of six points in the 
bed could be displayed. - -Under steady state conditions, it was also 
possible to determine the pressure drop across adjacent sections of 
the sandpack. The control nodule also displayed a continual reading of 
the inlet pressure. 
4.4.2 RLm Procedure 
A flooding experiment entailed the packing of a saturated sand bed, 
flushing through with-double distilled water to remove any initially 
detached fines, followed by constant-rate flooding by the liquids of 
interest. -Two or three feed reservoirs were prepared at the start of 
the flood to ensure interruption free and pressure pulse free switch- 
overs. 
It-was important to obtain a sand bed of as low a porosity as possible 
in view of real formation porosities in the region of 100-200 and for a 
reservoir of medium porosity. Secondly, it was of primary importance 
to remove all air bubbles from the sand bed during the packing process 
and from all flow lines as these would result in false pressure 
readings. In order to do this the system was completely purged at the 
start of each flood and in a particular sequence. With the isolation 
valve at the column base closed, the fluid inlet and pressure lines to 
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the transducers were' manually filled with packing solution (usually 
double distilled water) and connected. The transducer measurement 
ports were cleared of air by syringing with distilled water, °capillary 
pressure preventing water from draining out. The pump was then 
switched on'with the column outlet valve remaining closed. This 
allowed the in bed pressure microtubes to be purged of air at which 
point connections to the flow line leading to the solenoid valves 
could be made. With the purging of the pressure transducers and the 
solenoid valve manifold all air fron the system could be removed at 
the purge valve, the highest point in the system. 
Except for sane of the experimental runs where the effect of increased 
flowrate on migrating fines effects was-'studied, the flow rate of 
fluids was set at'the pump-at a constant 10 ml/min. This was manually 
checked in addition to the, pump calibration runs. The inlet and 
outlet needles valves were', then adjusted to introduce, respectively, 
pulse damping and the option to operate at higher pressure. Once 
stable pressure readings were achieved after the air purge, packing 
solution was pumped through for up - to half an hour to ensure steady 
state operation. 
During the run, effluent samples were collected at three minute 
intervals which was reduced to 30 seconds or less if a fines 
concentration profile was desired. Effluent conductivity readings 
were available in the form of digital display and chart recorder 
trace. Effluent samples collected were analysed for their clay 
content and particle size distribution. 
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4.4.3. maimental I"- Ionic and Clerical Factors 
4.4.3.1'- Brine-water Flood: 
Separator sand from the North Sea - Forties field. was used in this 
experiment (Run 7). The size distribution, and fines analyses of, the 
sand are shown in Figure 8 and-Table 7 respectively. The grain size 
ranged fron 50 microns to 150 microns though some grains were observed 
in optical study to be of > 200 microns diameter. Surface fines 
content of the sand was 5-6% wt, mainly kaolinite and illite. 
A sandpack possessing a porosity of 30.6% was sequentially flooded 
with distilled deionised water, a 0.5M aqueous sodium chloride 
solution and finally with water again at a constant flow of 10 ml/min. 
Flooding liquids were adjusted to pH7. The system inlet pressure was 
adjusted to stabilise at 1.7 barg (24 psi) by using-the needle control 
valves on the inlet and outlet flow lines. These valves were set at 
the start of the experiment and- not altered subsequently. In-bed 
pressure readings were recorded at 30 second intervals. 
The-conductivity of- bed effluent was measured, and samples were 
collected at-three'minute intervals for turbidity and particle 
analysis. At the end, of the -runýthe, sandpack was cut 
into 8 cm 
sections ý and each section was then analysed to see if a fines 
concentration profile had been set up in the sandpack. This was done 
by washing with a fixed volume of water and turbidimetrically 
analysing wash liquors. The dry weight of sand in each section was 
then determined. 
75 
4.4.3.2 Rapid Salinity DeG- ease 
During the later waterfloading stages of oil production formation 
water is often replaced by treated sea water for pressure maintenance, 
subjecting the reservoir to a salinity contrast. In an attempt to 
measure the effects of these ionic strength changes, a flood (Run 8) 
was carried out cxmprising initially, M NaCl solution (58500 ppn wt), 
followed with 0.5M NaCl. (29250 ppn wt) and finally distilled water, at 
neutral pH conditions. The flow sequence consisted of five pore 
volumes (PV) of-each of the brine solutions followed-by water for at 
least 20 PV. 
4.4.3.3 Gradual Salinity Decrease 
Two floods (Runs 15-16) examined the response of sandpacks to slowly 
decreasing salinity environments, employing the technique of 
continuous salinity decrease as has already been mentioned [34,43]. 
Here the flooding brine was fed from a constantly, stirred reservoir 
which was diluted at a rate such that the concentration of brine being 
pumped to the sandpack decreased exponentially. Varying rates of 
salinity decrease were obtained in this way.., Pressure profiles and 
the effluent conductivity and turbidity were measured through the run. 
In Run 15, a 0.17M aqueous sodium chloride was used whilst in Run 16 a 
0.1M potassium chloride solution was used. 
4.4.3.4 Low Salinity Flood 
In Run 9, a 0.17M sodium chloride solution was passed through the 
column, followed by step change brine floods with concentrations of 
0.05M and 0.017M sodium chloride respectively. The objective here was 
to determine if flocculation-deflocculation processes were operating 
and their effects on internal bed pressure differentials and effluent 
solids production. This flood was conducted in conjunction with the 
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flocculation value tests, described later in this Chapter, which 
determined-the minimum salinity required for coagulation of a- clay 
suspension. 
4.4.3.5 Ian Contact Time 
A series of floods (Runs 11-14) were performed in which the contact 
time of the brine flooding solution was varied before water was 
introduced into the column. In the first of these runs 10 PV of 0.5M 
aqueous sodium chloride was pumped followed in successive runs by 2.5, 
1 and 0.3 PV. - Each run was, conducted with a freshly packed column -of 
Fine Grey sand. Standard pressure data were recorded, - in addition to 
the effluent conductivity and effluent sampling. 
4.4.3.6 Potassium Chloride Treatment 
Clays associated with reservoir rocks possess a variety of ionic 
species attached to their surfaces, one of- these being the potassium 
ion which is often associated with illite-clay [22]., It was therefore 
decided to incorporate potassium chloride as a test ion based on 
analysis showing that fine grey sand contained sane illite. 
Run 17 was designed to measure the response of a sandpack to flooding 
with potassium chloride solutions. An aqueous 0.4M potassium chloride 
solution adjusted to pH7 flowing for 10 PV was displaced with water. 
This made the run equivalent to using a 0.5M sodium chloride brine on 
the basis of conductivity (the mobility of K+ ions being greater than 
that of Na+). 
Run 16, described earlier, - measured permeability effects due to slowly 
decreasing potassium chloride-salinity. 
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4.4.3.7 Divalent Ion Treatment 
Formation waters and seawater contain a 'mixture of ionic species, 
sodium, 'calcium, and magnesium, being the most abundant. Current 
oilfield flooding practice often involves dosing of specific 
chemicals, polymers and ionic species for the stabilisation of clays. 
In Run 18, the effect of an aqueous 0.5M calcium chloride solution was 
evaluated in a sandpack under standard test conditions (pH7, flow rate 
10 ml/min). This solution was pumped for 7.5 PV then displaced with 
water, a sodium chloride brine each for 7.5 PV and finally water 
again. This run constituted the 'pretreatment' of a sandpack with 
divalent ions before a monovalent ion was introduced. 
Run 20 used'a simulated formation water at pH 6.5 (reservoir pH) with 
a separator sand bed. The composition of the flooding liquids is given 
in Table 12. The flow sequence simulated the ionic strength change in 
a reservoir when seawater displaces recirculating formation waters. 
In Run 19, a separator sandpack was first flooded with a 0. '5M aqueous 
NaCi brine for approximately 10 PV. This was then displaced with a 
similar volume of 0.5M calcium chloride solution followed by distilled 
water. This run'modelled the sandpack post-sensitisation treatment 
situation. 
4.4.3.8 Variation of pH " 
The pH of reservoir fluids can vary depending on the presence of 
sulphates and chemicals producing'weak acids in situ. Formation water 
pH values vary widely depending primarily on the type of reservoir 
rock and czmposition of connate brines. In sour wells the pH may be 
less than 5 whereas alkaline conditions can exist in limestone 
reservoirs. 
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Runs were carried out to determine the effect of pH changes in 
sandpacks (Runs 21-24). Sandpacks were prepared-with distilled 
deianised water. In Run 21, after flow of the packing fluid (water) 
for a few pore volume, water adjusted to a pH =9 (withx0. iM sodium 
hydroxide solution) was pumped for 10 PV at a flow rate of 10 ml/mt. n. 
Water was then reintroduced to the bed. 
This was' followed by a flood (Run 22) under identical initial 
conditions, with a displacing-water pH of' 5. This procedure, was 
repeated for Runs 23-24 with 0.5M sodium chloride brine. Analysis of 
pressure and fluid effluent data was carried out for permeability 
determination and clay analysis. ` 
4.4.4 Experimental II- Hydrodynamic Factors 
Early results with the sandpack flooding experiments which have been 
interpreted in Chapter 5 indicated the similarity of behaviour of 
Forties separator and'Fine-Grey sands. 
Experimental work for the, - second series of tests was thus confined to 
the substitute 'Fine-Grey' sand. A number of workers [40-42] have 
proposed that changes in-flow regime are the main cause of clay 
mobilisation and consequent permeability loss. The following set of 
floods included experiments to test these theories. 
4.4.4.1 Effect of Flow'Rate : - 
The, effect of displacing fluid flow rate was measured in 'un- 
sensitised' and 'sensitised' sandpacks. Sensitised sandpacks are 
those which a monovalent brine has been used as a flood stage. In Run 
25, a freshly prepared column was subjected to brine flow rates 
of 2.5,5,10,15 and 25 ml/min. Each step change on the pLvping rate 
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was followed=-by a flow of approximately-1 PV to allow pressures to 
stabilise. In Run 26, a sandpack treated with 0.5M sodium chloride 
was progressively subjected to higher flowrates of -distilled water. 
The effect of these changes in flow regime on inlet pressure and 
effluent solids production was observed. 
4.4.4.2 Effect'of Reverse Flow 
In oilfield practice a flow reversal is often proposed when the 
reservoir experiences pore blocking due to pore-plugging. Usually the 
effect is beneficial in the short tezm. 
In Run 27, a sensitised sandpack was used in which- fines release was 
already underway through brine-water smock. After approximately 0.5 
PV, the water flow was stopped, the bed inverted and the-flow of brine 
(0.5N NaCl) continued in reverse flaw. 
4.4.4.3 Effect of Gravity 
The effect of gravity in sandpacks was'determined in Run 28. A 
sandpack was contacted with 3 PV of distilled water displaced with 2PV 
of 0.5M sodium chloride and finally with distilled water. Bed 
pressure data were recorded and samples of effluent were collected 
from the exit at the top of the coltann. 
4.4.4.4 Clay Filtration' Tests 
The processes of clay, deposition (and release) in sandstones 
undergoing 'flooding and of particle capture in deep bed filtration 
are similar. This analogy was investigated in a number of runs (Run 
Nos. 29-30). 
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Very clean sand was, required for the experiments. This was obtained 
by subjecting Fine-Grey sand to sequential two brine-water treatments. 
This treatment caused the elution of clay fines which were collected. 
The sand quantity was then mixed with water and ultrasonicated, for 
three minutes. This caused the removal of more fines from the sand 
grain surfaces. These fines were discarded. The sand produced in 
this way was dried and-used for bed preparation for the filtration 
tests. The clay suspensions- collected fr the cleaning procedure 
were filtered, washed and resuspended in distilled water to form clay 
concentrations of 1 g/1 and 10 g/1 respectively. 
.. ý . 
The clay suspensions, in turn, were-pimped through 'clean' sand and 
naturally, contaminated sandbeds at 10 ml/min and pH7. Filtration 
tests were run with the clay suspended in distilled water and in a 
0.01M sodium chloride solution. Pressure changes in the sandpack were 
recorded and samples of effluent collected-for solids analysis. -e 
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4.5 PARTICLE DEPOSITION AND REM)VAL EXPERIMENTS 
Experimental work using the unconsolidated sandpack in flooding 
experiments provided a measure of the macroscopic effects due to 
changes in the ionic or flow conditions of flooding fluids. -. It was 
felt that deposition and detachment effects between clay particles and 
grain surfaces should be analysed on a microscopic level. Two 
experimental alternatives were considered. These were the Rotating 
disc, and-the more recently- developed Flow cell technique which has 
been described in Section 4.6. 
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4.5.1 The. Rotating Disc 
This is the classical method of measuring the deposition of sub-microai 
and colloidal particles fron a surface under defined flow - conditions 
[89]. The apparatus consists of a simple motor-driven vertical shaft 
on the end of which is fixed the deposition surface using a non- or 
semi-hardening adhesive. The collector, usually a thin glass or silica 
disc, is immersed in the suspension from which deposition is to take 
place. The rate of rotation of the shaft determines the' flow 
conditions on the surface. 
In the context of the present investigation, pure silica (Spectrosil 
'B') microscope cover slips were used. These were attached to the 
shaft end with lithium grease. 
Suspensions of pure kaolin (English China Clays, Cornwall, UK, 'non- 
chemically treated, 75% less than 2 microaý) were prepared. After a 
fixed deposition time period the disc was removed, allowed to dry and 
examined under the optical microscope. As standard particle counting 
method was used. 
After a few runs, it was apparent that 'clean-roan' conditions would 
be required to operate the rotating disc effectively. Despite 
precautions, discs were found to be easily contaminated with dirt and 
fibre during the dissrounting, drying and counting stages. 
4.6 THE FLAW CELL EXPERIMENTS 
After some work with the rotating disc it was decided to continue the 
kaolinite deposition studies using the Flaw cell method. It was felt 
that the flow cell was better suited, from an experimental point of 
view, to the study of both particle deposition and removal. 
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4.6.1 Description of Cell 
In this apparatus, particle deposition is obtained by the - impingement 
at an angle of 900, of a suspension of particles onto a.. collector 
surface. A well-defined stagnation flow is formed around the region 
of impingement. Particle- deposition can be observed and - measured 
using a microscope under incident light. 
The technique was originally developed for particle deposition studies 
in paper and pulp manufacture, (Dabros and Van de Ven [97,98]). A 
version of their apparatus was built for use in this work (Figure 13 
and Plate 6). 
This was done by grinding down the ball of a Quickfit ball and socket 
joint to form a flat circular surface. The ball was mounted onto the 
elongated cone piece of a cone and socket, the outside diameter of the 
socket being 20 mn. This socket formed the outer body of the cell. 
The particle collection surface, typically a cover slip 20 mit or more 
in diameter was placed on top of the socket. -Thus, a space between 
two circular surfaces is formed, with a constant separation distance. 
Zwo cells were built with gaps of 1.5 and 2.5 nm. The particle 
suspension, flowing vertically upwards through the inner body of the 
cell enters at the centre of the lower surface impinging the underside 
of the collector disc. Fran the stagnation point region, fluid flows 
radially outwards and is, routed to a reservoir from the outer body of 
the cell. 
The whole of the apparatus was attached to a micro-manipulator -which 
enabled its placement under the objective lens of a microscope. 
Particle collection could thus -be studied at any radius on the disc 
surface: 
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Observations and particle deposition or release measurements could be 
made in-situ using incident light at magnifications up to 1000X. 
Another advantage of the technique over the rotating disc was that the 
collecting'surface was stationary during deposition. ' Also the 
deposition surface was held in position by the slight sub-atmospheric 
pressure in the cell rather, than with grease (used in the rotating 
disc) which could contaminate the surface. 
4.6.2 Materials 
Since the main interest was the interaction between clay particles and 
silica surfaces, pure materials were chosen for the experiments. 
Twice distilled filtered (0.1 micron) water was used to prepare clay 
suspensions. Its conductivity was in the range 0.8-1 micron S cm 
1. 
The clay was a pure kaolin from English China Clays, St Austell 
Cornwall, England, used as a non-chemically treated reference clay. 
Its canpositicri is given in Table 13. Clay suspensions were made to a 
concentration of 5x 107 particles per cm3. 
Pure 'Spectrosil' B' silica 22 nm microscope cover-slip type discs 
obtained fron UQG Ltd, Cambridge, UK, were'used as collectors. 
4.6.3 Disc Surface Treatment 
Clay deposition on silica discs appeared initially to be very low and 
unpredictable. Cleaning discs with acetone' and de-greasing solvents 
proved unsuccessful. Fran the literature a number of methods of disc 
pre-treatment were found. This was found a necessary part of the 
preparation procedure. The best method was found by particle counting 
to be that of Dabros [98] who treated discs with concentrated nitric 
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acid (12 hrs) and hydrochloric acid (1 hr) followed by rinsing with 
copious quantities of filtered distilled water. Other methods 
considered involved boiling the discs in detergent (10% in water) and 
rinsing with water and a sulphuric acid-nitric acid treatment. 
Figure 45 shows the coating density of kaolinite on un-treated and 
acid treated. silica discs. Many workers. describe the acid , soak as, a 
necessary procedure in order to impart a uniform charge to the 
surface. 
4.6.4 Deposition, of Kaolinite 
Table 14 presents a list of runs carried, out with the, Flow cell 
apparatus with the objective of characterising. the clay-silica 
interaction and the clay-clay interactions near silica surfaces. The 
variables of interest were the salinity of the medium, its pH and flow 
rate and the concentration of fines in suspension. 
4.6.4.1 Salinity 
The effect of brine strength on the, deposition of kaolinite 
suspensions on silica was measured. Kaolin suspensions, were made in 
sodium chloride brines of 10-3M, 10-2M. and 10-1M. Higher brine 
concentrations were not used because they were expected to result in 
very short half-lives of the kaolin suspensions leading to 
coagulation. The half-life is time taken for the suspension 
concentration to halve. - The ScIwoluko wski equation (from - (27] ) was 
used to determine the concentration of suspension: 
t1/2 = 
4k TC (55) 
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where µ= viscosity 
k= Boltzmann constant 
T= temperature, K 
C= suspension concentration, particles/m3 
The kaolin suspensions used had half lives of 5.5 hours, much longer 
than the duration of an experiment. 
4.6.4.2 
Runs were carried out at a flow rate -of 5 ml/min and suspension pH's 
of 5 and 9 respectively. The pH of suspensions was adjusted with 
molar hydrochloric acid and molar sodium hydroxide. The coating 
density of deposited kaolinite was measured after one hour. 
4.6.4.3 Flowrate 
Kaolinite particles were deposited onto silica from neutral 
suspensions Flow rates of 2.5,5,10 and " 30 ml/min were achieved by 
altering the level of the constant head feed suspension reservoir. The 
deposition was measured f=m clay suspensions in distilled water, and 
from 0.01M and 0.1M sodium chloride solutions. 
4.6.4.4 - Clay Concentration 
Three suspension concentrations, i' x__167,0.5 x 108 and 1" x 108 
particles per an 73 were prepared in distilled water'and flowed through 
the cell for one hour at 5 ml/min. The density of deposit was then 
measured. Experiments' were repeated at higher salt concentrations. 
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4.6.5 Detachment of Kaolinite 
Standard deposition conditions were imposed in-, the flow cell to 
achieve repeatable, uniform coating densities of kaolinite particles 
on silica discs. A kaolinite suspension in 0.01M flowing at 5 ml/min 
for one hour gave a saturation coating density suitable for detachment 
experiments. 
4.6.5.1 Salinity 
Water shock experiments were carried out on a particle coated disc 
which were similar to brine-water shock experiments with the sandpack 
flooding- rig. - 
A disc with a saturation deposit was prepared. Sodium, potassium and 
calcium chloride solutions were then run through the cell for 1/2 hr 
at 5 ml/min. This stage of flow'attempted to sensitise the deposited 
particles. 
A particle count was then carried out. Then the flow was switched to 
enable-water-to be nun through without interruption or surge. After 
approximately 1/2 hur of water flow, the flow was once again stopped 
and a particle count conducted. 
4.6.5.2- 0 
The effect of pH on particle release was determined. An attempt was 
made to remove deposited particles using water at pH 5 and 9 
respectively. Sodium hydroxide and hydrochloric acid solutions of O. 1M 
concentration were used in pH control. 
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4.6.5.3 Flow Rate 
The effect of flow rate on the detachment of deposited kaolinite 
particles. Flow rates of 5,10,30 and 60 ml/min were tested. These 
flowrates were achieved by increasing the height of the feed reservoir 
to predetermined levels. 
4.7 ANALYTICAL HEMDS 
4.7.1 Flocculation Value Tests 
Flocculation value tests, were carried out with suspensions of fines 
from separator and Fine Grey sands. The standard method of Van Olphen 
[27] was used. The flocculation value of a colloidal particle 
suspension is the minims n salinity, required for coagulation. 
The peptisation salinity is the salt concentration below which a 
coagulated suspension disperses. The required a mts of fines from 
separator and Fine-Grey sands were dispersed to form aqueous 
suspensions of equal concentrations. A pure kaolin suspension was 
also prepared in this way. 
Taking each fines suspension in turn,, aliquots from the stock 
solutions were placed in each of five large diameter glass test-tubes. 
Calculated volumes of aqueous ion was added to each test-tube so that 
a series of mixtures of increasing salt concentration were obtained. 
After inverting three -times the mixtures were allowed to settle. A 
period of half an hour was usually sufficient *to allow the formation 
of an interface. Repeated tests were performed over narrower salt 
concentration until the flocculation concentration was defined. For 
the pH variation tests, molar sodium hydroxide or hydrochloric acid 
was added from a micro-pipette into stirred solutions until the 
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desired pH was obtained. The flocculation value tests were conducted 
at ' pH values of 5,7 and 9 in' large diameter test-tubes to minimise 
'wall effects. 
4.7.2 Clay Analysis 
Effluent samples were analysed for suspended solids using a Hach 
Portalab Model 2000 turbid meter. This method, though not providing an 
absolute measure of solids content, did achieve a fairly. good measure 
of consistency. ' It possessed the advantage that even very small 
concentrations of fines could be measured. 
The insert was calibrated against suspensions of fines frcm'both 
Fine-Grey and separator sands. Care was exercised to keep the special 
optical measurement cell dirt and scratch-free to guarantee the 
accuracy and comparability of readings. Measurements were available 
in nephelanetric turbidity units (NTU) which were converted to clay 
concentrations. Concentrated samples were analysed by dilution. 
The Malvern Model 2200 Laser Diffractcmeter, Coulter Model TALI (with 
40 micron orifice) and the Micraneritics Sedigraph Model 5000E, T Size 
Analyser were used to determine the particle size distribution of 
fines. 
For fines obtained from-Fine-Clay and separator sand the best 
instrlmnt was found to be the Coulter Counter although the orifice 
was prone to clogging. This was-minimised by ultrasonicating the 
suspension for a few minutes prior to an analysis. 
For dilute suspensions of pure reference clays the laser diffraction 
apparatus was used because the Coulter method was at the limit of its 
resolution. 
89 
Fines eluted during sandpack floods were separated, dried at 50°C and 
analysed for mineralogical canposition by X-ray diffraction. Clay 
mineral content was estimated by B. E. T surface area analysis using 
Krypton adsorption*. 
4.7.3 Atanic Absorption Spectroscopy (AAS) 
Atomic Absorption Spectroscopy (AAS) identifies ionic species by 
examining the light emission spectra produced when a sample of liquid 
is ionised in a flame. 
Using this method, the amounts of specific ions in a solution can be 
determined very accurately and comparisons in the concentration of 
different ions can be made. For sodium and potassium determinations 
the method involves the illumination of an air-acetylene flame with a 
sodium lamp. In the case of calcium, it is necessary to use a nitrous 
oxide-air mixture to achieve the appropriate ionisation conditions, in 
conjunction with a calcium lamp. `Aluminium determinations also 
require the latter flame conditions with an aluminium lamp. In the 
context of this study, sodium, potassium and calcium ions were the 
principal ions of interest. Pure kaolin and clay materials from Fine- 
Grey'sand were analysed for their ion adsorption characteristics. 
4.7.3.1 Procedure 
The following steps were involved in the AAS investigation: 
1.100 ml samples of 0.001M and 0.01M strength electrolytes were made 
up. Electrolytes to be used were sodium, potassium and calcium 
chloride. 
* BP Research Centre, Sunbury-on-Thames, Middlesex, UK. 
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2.50 ml of each sample was retained for use as the standard in the 
AAS analysis. 
3. A 2000 ppm suspension of clay was prepared using double distilled 
water. 
4.50 ml samples of clay suspension were mixed with the remaining 50 
ml of each electrolyte and shaken vigorously before being allowed 
to stand for 24 hrs. 
5. The kaolin-electrolyte mixtures were then filtered through a 
0.025 micron Millipore filter. 
6. ' The last 30 ml of filtrate from each 100 ml sample was collected 
for the analysis. 
7. - After each sample was filtered, the pupp, piping, and filter unit 
were flushed through with double distilled water to remove 
residual ions. 
8. Depletion of cation content in the filtrate'is determined'by 
comparing against the standards using AAS analysis. 
9. Background counts for double distilled water and clay filtrate 
alone were also taken for caparison. 
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4.7.4 Mic roelectr phoresis 
A Rank Brothers` apparatus Mark II was used for the determination of 
the electroghoretic mobility of clay in suspensions. The cylindrical 
cell was used. The instrument was calibrated and-used in accordance 
with the manufacturers instructions. 
4.7.5 Scanning Electron Microscope Study 
The morphology of fines released from sandpacks, pure reference 
kaolinite and sand grain surfaces were examined using a Cambridge 
Stereoscan MKIIA Scanning Electron Microscope at magnifications up to 
20000. Samples were prepared for examination by coating with carbon. 
Further, an SE -EDX (Energy-Dispersive-X-Ray) examination was carried 
out for a qualitative analysis of the surface ion content of clay 
particles and sand grains. 
EDX is a technique which is used in conjunction with an electron 
microscope. When electrons of appropriate energy impinge on a 
material, they cause the emission of X-Rays whose energies and 
quantity depend on the chemical canposition of the sample. Thus every 
element will emit a unique and characteristic pattern of X-Rays which 
are roughly proportional in magnitude- to the concentration of that 
element. The X-Ray spectrum emitted by the sample is detected and 
electronically analysed for examination of its went parts. 
In this work, the IDx technique was considered a potentially useful 
way of locating specific ions on the surfaces of sand grains and clay 
surfaces. 
* Rank Brothers, Bottisham, Cambridgeshire, UK 
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RESULTS AND TION 
5.1 - PRELL RY WORK 
5.1.1 Reservoir Core Flooding 
The permeability profile of a 1" x 1" (length x diameter) core from a 
suspected water sensitive North Sea reservoir is shown in Figure 14. 
The flood liquids were toluene, methanol, a simulated brine of similar 
composition to the'reservoir brine and distilled deionised water. The 
test,, as outlined in Section 4.2 forms one of the standard formation 
damage evaluation tests in industry. 
The initial brine permeability of the, core was 9 millidarcy (md) 
indicating that its source was a 'tight' formation. Flow'of toluene 
caused oil to be extracted from the core but had little effect on the 
permeability. Drastic permeability reduction occurred when methanol 
displaced toluene. Methanol is used as a 'spacer' solvent because it 
is soluble in both brine and toluene. Permeability fell to less than 5 
md, a 45% reduction. There was no release of fine material fron the 
core at this stage. With brine flow, permeability ý recovered to just 
under 9 md. With water flow, spontaneous permeability loss to 1.1 and 
occurred. Core effluent became visibly cloudy, indicating the release 
of fine particles by the core. Permeability was partially recovered 
on the first flow reversal. The second reversal resulted in a very 
small increase in permeability. The final permeability was about 25% 
of initial value. This pattern of behaviour is typical of fines- 
plugging related permeability loss. The flood also highlighted 
problems with solvent treatment of core samples particularly with 
treatment with methanol which may have hydrated any clays present. 
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5.1.2 Ccnstant Head Floods 
Figures 15(a) and 16(b) present the permeability profiles of sandpacks 
subjected to constant-head floods using sodium chloride and calcium 
chloride brines, respectively. These runs confirmed the existence in 
sandpacks of permeability loss through fines migration, similar to the 
observed behaviour of reservoir cores under water-shock conditions. 
By comparing these results with core-flood results in Figure 14 it is 
apparent that permeability reduction is far more severe in the water 
smocked cores than in sandpacks. The magnitude of damage appears to be 
related to the initial permeability level. It is reasonable to expect 
a lower level of permeability loss in a sandpack flood, since they 
possess permeability which are roughly an order of magnitude higher 
than cores. Also, in a core the straining effect is much greater due 
to finer pores. Figure 15 shows that the permeability was drastically 
reduced for the sodium chloride flood. Core effluent was very 
concentrated in its fines content, a marked difference with the core 
flood where effluent was observed to be cloudy. This is further 
supporting evidence of the effect of straining in permeability loss in 
core floods. 
Permeability can be seen to have increased marginally in Figure 17 
during the flora of a surfactant solution (1% v/v). Fines were -eluted 
from the bed earlier than in the water, in fact, after only one pore 
volume of flow. 
Figures 18 and 19 show the effect of acid and alkaline conditions on a 
sandpack under constant'head flooding conditions. In the acid flood, 
there was no significant change in permeability. A small increase in 
eluted fines did appear in the final distilled water phase. A moderate 
decrease in permeability occurred with flow of 0.01M NaOH solution. 
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This was coincident with a gradual increase in fines released from the 
bed. Permeability at the end of nun was slightly reduced in the case 
of the alkaline flood. In the case of the acid flood, permeability 
was largely unchanged. 
The difficulty in the operation of the constant head system 
necessitated the design and construction of a much more robust system. 
This constant-rate flooding rig was better equipped to measure the 
sometimes small pressure changes associated with fines movement in a 
sand bed. 
' 5.2 CONSTANT-RATE SANDPAQC FLOODS 
5.2.1 Salinity 
In Run 7a sandpack of Forties separator sand was initially packed in 
distilled water and flooded with 0.5M aqueous sodium chloride at pH7. 
Its porosity was 30.6%. 
The pressure, permeability, conductivity and effluent turbidity 
profiles for this flood are shown in Figures 20 (a)-(d). In these and 
subsequent plots, the labelled PV represents-the cumulative volume of 
liquid pumped through the bed as a ratio of the pore volume. The pore 
volume for sandpacks in this, work was approximately 60ml. Therefore, 
at a constant flooding rate of 10 ml/min, 1 PV is the equivalent of 6 
minutes of flow. ' The pressure and permeability traces showed small 
changes when the brine solution displaced the initial water flood. 
During these stages of flow the effluent remained clear. On switching 
to fresh (distilled) water flow again, an immediate increase in 
differential pressures across the bed occurred. The conductivity 
trace shows that the front of water displacing brine appeared in about 
95 
six minutes (or approximately 1PV) and took a further 'two to three 
minutes to stabilise to its new value. This suggests some longitudinal 
mixing which was probably due to the embedded pressure microtubes. The 
effect of these tubes, and the column wall effect =were taken into 
consideration in the selection of the column diameter. The coltmrn to 
sand grain diameter was 250. Deep bed filtration theory suggests a 
minim= ratio of 30. 
There was an increase in effluent-turbidity-coincident with the 
appearance of water at the base of the sandpack. - The maximum 
concentration of fines in the effluent can be seen from Figure 20 (c) 
to occur at water-brine front reducing sharply further upstream in the 
water phase. The near-vertical changes in the effluent conductivity 
profile was conclusive evidence of the 'plug-flow in-the column. The 
final water flood was continued for approximately 10 PV, the sandpack 
was dismantled into five sections. Each, of these analysed for its 
'mobile' fines content by washing with water. The fines concentration 
profile in the bed is shown in Figure 20 (d). It is apparent that each 
section of the bed retained roughly similar quantities of fines. 
Permeability changes in producing reservoirs can also occur due to 
changing salinity when displacing formation water to with seawater. 
This is common practice for maintenance ofa reservoir's pressure when 
insufficient formation water is available. Run 8 attempted to 
reproduce this effect by using sodium chloride solutions of -i1,0.5 
and 0.17M concentration. In' sequence the results shown in Figure 21 
show that small increases in permeability occur as the'salt 
concentration is lowered in-each flooding stage. The increase in 
permeability was more marked in going from 1M NaC1 to 0.5M NaC1 brine 
than in the 0.5M-0.17M stage. However there was no evidence of any 
release of fines during the brine flow stages. 
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One of the reasons `for testing high concentration brine was, to 
determine the magnitude of brine concentration or valency of ions was 
important in the clay release process. The fact that fines were 
released in Run 8 showed that high concentrations of nnnwalent brines 
did not protect the sandpack fron fines release and its detrimental 
effects if low salinity fluids were contacted with the bed at a later 
stage. 
The results of Coulter particle size analyses on effluent fine 
materials, presented in Figure 52 snowed 97% of the fines to be-<1.58 
micron diameter-on the basis of number concentration (58% wt basis due 
to probable presence of sate large fines clusters or all quartz 
grains). This fact, {and composition analysis-of effluent fines (Table 
7) leads to the conclusion that it is mainly the small illinite and 
kaolinite fines which. are released. It appears that-other fine 
materials such as quartz, mica and illite are also affected to some 
degree, although it is probable that these are intermixed with the 
kaolinite fraction and are dispersed only when the 'binding' clays are 
released. The probable mechanism of release is fully discussed in 
Chapter 6. 
Run 9 was conducted on-the basis of the results of flocculation value 
tests as interpreted in Section 5.1.3. The, l-results of the flood'are 
presented in Figures 22(a)-(c). -" Aqueous sodium chloride brines of 
0.17M, 0.057M and 0.02M concentrations were prepared and sequentially 
pumped through a sandpack followed by water. As shown in the 
permeability profiles, there was no evidence of permeability decline 
on switching from 0.057M brine to the 0.02M brine. Permeability did 
not decrease even when water was introduced as. observed in earlier 
rums. However there was a small but quite characteristic increase in 
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effluent clays when the change between the 0.057M and 0.02M brines was 
made. This is clearly seen from the logarithm plot of the effluent 
clay concentration as shown in Figure 22(d). This'is an indication 
that some fines dispersal does occur, although the amount of fines 
released was sufficiently small-- not to have an effect on the 
permeability of the sandpack. 
The effect of an intermediate brine strength (0.17M Na Cl) was 
investigated in Run 10. This brine was displaced with fresh 
(distilled) water. The resultant permeability and effluent solids 
profiles are presented in Figures 23(a)-(c). It can be seen from 
these plots that the-permeability of the sandpack decreased 
temporarily when water was introduced. However the magnitude of the 
decrease was small. In fact the permeability recovered its initial 
value in a few pore volumes. Again, as with Run 9, there was some 
fines release as a result of the brine-water switch. 
These experiments showed that it was likely that a critical minion 
salinity was required to keep fines in their natural flocculated 
states. The observed response of the-sandpack in Runs 9 and 10 led to 
experiments in which the effect of continuously decreasing salinity on 
permeability was investigated. Figures 28(a)-(c) show the effect of a 
flood where salinity is decreased at very high (half-life =5 minutes) 
and canparatively low (half-life = 20 min) rates, respectively. In 
both cases the permeability was found to decrease when the salinity 
(NaCl) fell below 0.08M. At the higher rate of salinity decrease the 
final end of run permeability was slightly lower. This indicates that 
the rate-of decrease in salinity across the critical salinity is an 
important factor in determining the magnitude of shock damage. A 
similar experiment with a Fine-Grey sand bed showed the critical 
salinity level was in the region of 0.1M (Figures 28(d)-(e)). 
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Runs 11-14 examined the effect of the length of time that'a- brine 
remained in contact with the sandpack on the severity of a fresh water 
shock. Figures 24-27 show the results obtained for contact times fron 
60 minutes (10 PV) to 2 minutes (0.3 PV). ' In each case a 0.5M' aqueous 
sodium chloride brine at pH = 7.0 was used as the brine stage. 
In these experiments the maximum permeability reduction was in the 
region of 30% in all cases except for the case where the brine flood 
was shortest (0.3 PV). In this case the peak permeability reduction 
was about 20% although permanent damage, as measured by end of nm 
permeability, was canparatively higher. Permanent damage amounted to 
10-12%. The amount of fines mobilised increased with'contact time of 
the brine, although Figures 26-27 provide evidence that a threshold 
turbidity value exists. Thus it is apparent that the length of time 
that a monovalent 'sensitising' -brine is in contact with the sandpack 
materials does not affect the severity of the permeability damage 
occurring on subsequent fresh water contact. Even very short contact 
times can have severe effects on permeability. 1 
5.2.2 Effect of Potassium Chloride 
Figures 30(a)-(c) show the effect of a water shock experiment 
conducted with a 0.4M potassium chloride sensitising brine. 
Permeability and the effluent turbidity profiles display the 
characteristic spontaneous permeability reduction coincident with the 
appearance of fines in the effluent. Analysis of the particulate 
material produced confirmed the presence of both kaolinite and illite 
clays in the produced effluent, (Table 7). The level of permeability 
reduction was of similar magnitude to that obtained with the sodium 
chloride sensitisation runs, though the amount of fines was noticeably 
smaller than in the shock experiments using sodium chloride. 
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Figure 29 shows the average bed permeability profile for a decreasing 
salinity flood with an initial-0. lM potassium chloride solution. 
Permeability damage is prevented until the inlet salinity falls below 
0.05M KC1. This cccnpares with the-0.11M minimum levelL of salinity 
required with a sodium chloride brine. This is an indication that a 
lower concentration of potassium chloride may be required for shock 
prevention, compared with sodium chloride. 
5.2.3 Effect of-Ion Valency 
5.2.3.1 Pretreatment with Divalent Ions 
Figure 31(a)-(c) illustrates the effect of pretreating a sandpack with 
a calcium chloride solution before introducing a sensitising sodium 
chloride brine. 
The profile shows that permeability during the flow of calcium 
chloride decreased slightly canpared to the initial distilled water 
flow. In the final stage of the flood when water flow was expected to 
reduce bed permeability only very small changes were observed. Scme 
fines were produced but their low concentration indicated that 
mobilisation had been significantly reduced. 
Analysis of produced - fines by- the SEM-IDX ion-mapping technique and 
Atomic Absorption Spectroscopy described later in this Chapter 
indicated that calcium ions remained on the clay particle surfaces 
(Plates 17 and 18). 
5.2.3.2 Post-treatment with-a Divalent Ion Solution 
The permeability response of an already 'sensitised' sandpack to 
treatment with calcium chloride solution and distilled water is shown 
in Figure 32. Minor permeability damage was noted during the final 
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stage of water flow, the level of which was slightly greater than in 
the pre-treatment experiment. On the basis, of these observations, 
pretreatment would appear to be a more-effective practice at 
permeability damage prevention since the fines sensitisation process 
is prevented. 
5.2.3.3 Treatment with Mixed-ion Solution 
Simulated formation waters contain mixtures of ionic species in 
prescribed quantities. The canpositio of the simulated brine used is 
given in Table '12. The flood represented in Figure 33 consisted'of 
the flow of mixed brines of 109 and 3% equivalent NaC1 concentration, 
respectively, preceded and completed by stages of distilled water 
flow. Permeability increased slightly on flow of the lower 
concentration brine. The flow of water in the final stage had little 
effect-'on permeability with a virtually fines-free effluent being 
produced. 
5.2.4 Effect of pH 
The profiles of sandpack permeability and effluent fines ocncentration 
presented in Figure 34-37 show the effect of experiments where the pH 
of flooding liquids was varied. Separate runs were carried out using 
firstly, distilled water as flood liquid and secondly 0.5M NaC1 in 
order to determine the combined effect of pH and salinity on the 
respcnse"of the sandpack. The pHrof these fluids was adjusted with 
careful addition of molar sodium hydroxide and hydrochloric acids. 
On reduction to pH =5a small increase of permeability occurred 
(Figure 34(a)-(b). - A small amount of fine material was observed in 
the effluent when neutral water was re-introduced. Some difference in 
the fines profile was noted with that obtained during water shock 
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tests which increased rapidly after a brine-water flow switch was 
made. The return to neutral pH brought a further small decrease in 
permeability coincident with an increased concentration of effluent 
fines. The final permeability was about 95% of the initial water 
permeability. 
A step increase to pH=9 (Figures 35(a)-(b) reduced permeability 
gradually. This was co-incident with a rise in produced fines. After 
5 PV under high pH conditions the bed permeability stabilised at a 
lower steady state. - The re-introduction of water caused the 
production of further fines in the effluent and a small decrease in 
permeability. 
In Run 23, water -was displaced by a 0.5M sodium chloride brine at pH 
5. Run 24 repeated the same flood but with brine, at pH 9. In both 
runs, water was re-introduced to the pack after approximately 5 PV of 
brine flow. The sandpack permeability and effluent fines profiles are 
shown in Figures 36-37. Figure 36a shoots that permeability damage due 
to monovalent brine at neutral pH is moderated when brine at low pH is 
used. Damage due to brine at pH 9 (Figure 37a), is also less severe 
than expected although a significant amount of fines were produced 
(Figure 37b) 
5.2.5 Effect of Clay Concentration 
Figures 42-43 show the effect of injecting sandpacks with clay 
suspensions of increasing concentrations according to the procedures 
described in Chapter 4. Figures 42(a)-(b) show the effect on bed 
permeability of the filtration of clay suspensions of lg/l and lOg/i 
centration, respectively. 
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The filtration of low concentrations (1 g/1) of clay suspension had an 
insignificant effect whilst with lOg/1 suspensions of measurable drop 
in permeability was observed. The deposition, of clay from 0.01M 
sodium chloride suspensions` resulted in greater permeability 'loss. 
Figures 43 (a)-(b) show that in natural sandpacks (i. e. one where 
fines had not been artificially renoved) permeability decrease was 
higher than in the 'cleaned-sand' beds. 
5.2.6 Effect of Flowrate 
Figure 38 shows the effect of step increases in flowrate of distilled 
water on the pressure differential in a freshly packed sand bed. The 
regimes of laminar and turbulent flow can be observed in the pressure 
drop-flowrate'characteristic. The constant permeability-laminar flow 
regime was used in all floods so that the D'Arcy equation for porous 
media flow could be applied. High flowrates did not bring about 
spontaneous fines release in sandpacks. 
This was evidence in support of the 'chemical' 'model of formation 
damage theories which propose that some chemical interaction between 
fluids and reservoir rock materials is necessary for clay mobilisation, 
to occur. 
Figure 39 displays the effect of a range of flowrates on beds in which 
fines mobilisation was induced. Higher flowrates caused severe 
plugging in the bed, activating the pump trip switch set at 3 barg 
inlet pressure. The permeability profiles show that once fines have 
been mobilised, the extent of damage caused is directly related to the 
flowrate of the flooding water. Flowrates of distilled water lower 
than the flowrate of sensitising brine are beneficial to the recovery 
of, peimeability. 
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5.2.7 Effect of Reverse Flow 
In Run 27, a bed in which fines were nnbilised was inverted and 
original brine flow continued in the reverse direction in an attempt 
to limit the effects of the migrating fines front on the permeability. 
Figure 40 shows the resultant permeability profile. It is clear fron 
this profile that the decline in permeability is arrested. On 
introduction of brine permeability increased fell initially until the 
fines concentration in the bed effluent had, peaked again. At this 
point, bed permeability recovered. However, the final permeability was 
still lower than the initial water permeability. The interpretation 
which may be put forward here is that in the reverse flow stage where 
a brine flood is displacing a distilled water phase, fines mobilised 
by the water 'shock' were redeposited in the bed. This is probably due 
to the flocculation of mobilised fines at the brine-water front. It 
should be pointed out here that the design of the column and the bed 
paving process ensured that no re arrangement of the bed had occurred 
during the bed inversion in the middle of the experiment. 
5.2.8 Effect of Gravity 
In Figure 41 the response of a sandpack to a water sensitivity test in 
the upflow mode is shown. Comparing the permeability profile with that 
obtained in earlier xuns conducted in the downflow mode reveals some 
marked differences in sandpack behaviour. 
Pezmeability loss was found to be lower than with water sensitivity 
tests at the same conditions for downflow experiments. However fines 
eluted frcm the top of the bed were at a much lower concentration than 
in the downflow case. This leads to the conclusion that, either fewer 
fines are released in upflow floods or that more fines are retained in 
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the bed., The latter explanation is the more likely. Analysis of the 
suspended solids in downflow runs showed that only about 20-30% of 
fines mobilised by water shock were eluted fron the base of the bed. 
The rest were retained within the bed by straining or deposition 
effects. It appears likely that in upward flow water stock tests, more 
particles are retained by the bed after they have been mobilised. This 
is reflected in the higher permeability loss observed. Increased 
deposition in upward flow through filters has been observed by Ison 
and Ives [117]. They found that a larger number of particles 
deposited on the downstream surfaces of glass spheres, in packed bed 
experiments. Thus the gravity effect does contribute significantly to 
the deposition process could be expected to be significantly reduced. 
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5.3 THE FLAW CELL 
5.3.1 Deposition of Latex 
Spherical polystyrene latex particles 0.8 micron in diameter were 
deposited onto treated silica discs firm distilled water, and weak 
electrolyte suspensions. Latex was used as a preliminary material to 
observe the hydrodynamics' of the cell and the capabilities of the 
optical microscope for counting of deposited particles. Figure 44 
shows the latex particle deposit in the stagnation point region and 
radially across the disc surface. The deposition from distilled water 
suspensions was extremely low, increasing markedly as the ionic 
concentration of the suspension was increased. 
The amount of deposition varied from 2 particles per 104 sq. microns 
when deposition was carried out in, distilled water to over '10 
particles/104 sq. microns when deposition was carried out in 0.1'nnlar 
sodium chloride. The region of constant deposition extended a minimum 
of 0.2 mm on either side of the stagnation point. Progressing 
radially outwards deposition was-observed to decrease gradually. The 
runs with latex' confirmed that the cell could be used for the study of 
particle deposition phenarena. However, latex is unsuitable as a 
material for use in clay deposition studies as it does not possess the 
irregular, particle 'shape and surface charge properties of clay 
particles. In order to accurately model the clay-silica interaction 
it was important to use actual clay materials. 
The pattern of deposition on the-collector surface, the silica 
coverslip, was "characteristic for all deposition experiments. At the 
stagnation point the coating density was generally constant. 
Consistent with theoretical predictions [98], this was a circular 
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region on the deposition surface, with a radius of 20-25% of the feed 
suspension inlet tube radius. This was the region in which deposition 
under laminar flow and true stagnation point conditions was measured. 
Progressing radially outwards from the stagnation point deposition was 
generally slightly lower. At high Reymids numbers (>20) deposition 
on the stagnation point region was extremely high and irregular; with 
the formation of large particle clusters or dendrites. This is in line 
with theoretical predictions which show the origin of inertial, forces 
as the Reynolds Number rises to 30. The thickness of the hydrodynamic 
boundary layer, constant under laminar flow (Re < 20), is reduced, 
with a consequently increased rate oft mass transfer. The Reynolds 
Number was calculated on the basis of the dimensions of the suspension 
feed inlet tube. 
The silica collector discs were treated with acid in the way described 
in Section 4.6.2.3. This treatment produced measurable levels of 
deposition. 
5.3.2 Effect of Disc Pre-treatment 
Figures 45(a)-(b) illustrates the problems with achievirxj a measurable 
particle number deposit. The deposition of kaolin onto a non-acid 
treated clean, degreased silica disc was attempted. Coating densities 
of the order of 5 particles per 104 sq. microns were obtained using 
O. O1M sodium chloride suspensions as deposition mediums. Deposit 
levels increased when the silica disc was treated with the acid 'soak' 
method (Section 4.6.2.3). Coating densities of 30-50 particles per 
104 sq microns could be achieved after one hour of suspension flow at 
a Reynolds Number of 8.8. Higher deposits in the region of 80-100 
particles per 104 sq microns were obtained when depositing kaolinite 
fron suspensions make up in 0.1M sodium chloride. 
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5.3.3 Deposition of Kaolinite 
5.3.3.1 Effect of Salinity 
The effect of salt concentration on the deposition rate of kaolinite 
can be seen from, Figure 46. Sodium chloride concentrations from 10-3M 
-10-1M were used as depositing suspensions under neutral pH 
conditions. The deposition rate was observed to be a function of the 
salt concentration but independent of the time of suspension flow, 
except at high deposit levels (>80 particles/104 sq microns). At 
these levels, a reduction in the deposition rate was observed. It has 
been suggested [97,98] that this is due to 'blocking and masking' of 
the collector surface by already deposited particles. An alternative 
explanation may be that charge deficiencies on the clay-silica 
surfaces may be satisfied by deposited particles such that a 
saturation coating density is reached. 
5.3.3.2 Effect of pH 
Figure 47 presents the measured coating densities of kaolinite 
particles on silica from dilute kaolin suspensions at pH values of 5, 
7 and 9 and with electrolyte (NaCl) concentrations varying from 10-3M 
to 10-1M. Laminar flow (Re = 8.8) was maintained for all runs. 
Significant deposition (>50 particles/104 microns) occurred at pH5 for 
all ionic concentrations, the highest rate occurring at 0.1M NaCl. At 
this concentration secondary and multiple deposition occurred 
distorting the particle count. At 0.01M NaCl deposition was markedly 
reduced canpared to the 0.1M NaCl deposit. Low deposition rates also 
occurred at electrolyte concentrations of 0.001M NaCl. 
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At pH7 and. pH9 deposition was lower at all brine concentrations 
indicating that pH exerted a controlling influence over the deposition 
of kaolinite. 
5.3.3.3 Deposition Flow Rate 
The deposition characteristic of - kaolinite particles on silica 
surfaces from distilled water and sodium chloride is shown in Figure 
48. It can be seen that at very low Reynolds Numbers (<5), deposition 
is minimal for distilled water deposition. Increase in Reynolds 
Number resulted in a gradual increase in deposition. At a salinity 
level of 0.01M sodium chloride deposition was slightly higher than the 
distilled water case. -Under the high salinity and Reynolds, Numbers 
deposition was heavy and non-uniform. Heavy deposition can be seen in 
Plate-11 with the tendency towards the formation of dendrites and 
multiple deposits ("clusters") clearly illustrated under-these 
conditions. 
5.3.3.4 Effect of Suspension C, oncentraticai 
Figure 49 shows the effect of clay concentration on coating density. 
Kaolin-distilled water suspensions of-107,5 x 107 and 108 particles 
per on3 were passed through ' the cell for-1 hour at pH7. It can be 
seen that higher clay concentrations increase deposit density, 
particularly-at O. 1M salt concentrations. At 10-3M and 10-2M salt 
strengths, surface coverage was considerably lower. 
5.3.4 Detadxmnt of Kaolinite 
The conditions under which deposited kaolinite particles could be 
removed were determined. Detachment was measured by a comparison of 
the particle; coating densities after a removal experiment, with the 
initial deposit. A uniform initial particle deposit of approximately 
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50 particles per 104 micron was obtained with a 100 ppm kaolin 
suspension , in 10-2M NaCl, at pii7 and at a Reynolds Number =-8.8 (5 
mt/min). 
5.3.4.1 Effect of Salinity 
Figures 50(a)-(b) show the results of detachment experiments with 
different brine solutions used in attempts to simulate sandpack 
flooding experiments. The plots show that particles could be removed 
by displacing a solution of brine (sodium, potassium and a mixed brine 
sodium/calcium chloride were used) with distilled water. Plates 12 
and 13 illustrate a water-shock experiment conducted with a very high 
initial deposit, necessary to show the water smock effect clearly. 
However, it may be observed that the silica surface was not completely 
stripped of all deposited kaolinite particles. This is also true in 
the case of - sandpack water-shock floods where analysis snowed that 
only a small proportion of the fine material was eluted fron the bed. 
In the latter case, straining and particle recapture are likely 
reasons for such behaviour. In the case of the-flow cell the strength 
of adhesion between particles and collector is probably the 
determining factor in preventing re-entrainment. 
5.3.4.2 Effect of pH 
In Figure 51 the effect of acid and alkaline conditions on detachment 
is seen. Water at pH =5 did not bring about any significant 
reduction in the particle deposit. At pH =9 detachment of kaolinite 
was obtained. This behaviour is similar to the observed response of 
sandpacks under the same flooding conditions. The presence of 
hydrogen ions in the acid flood condition further canpresses the ionic 
double layer around deposited kaolinite particles thus in fact 
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increasing the adhesion force. The dispersing` action of sodium 
hydroxide was also observed. Higher pH experiments were not attempted 
due to possible problems of silica dissolution through sodium 
hydroxide attack. 
5.3.4.3 Effect of Flowrate-- 
Figures 50-51 show that particles deposited from distilled water 
suspensions were much more tightly held on the silica surface. These 
particles could not be dislodged even at high flo rates (Re >50). 
However, if the deposit was made fron suspensions of n navalent or 
mixed-ion brines, particles could be removed at much lower flowrates 
of water. This is an illustration of the water shock effect in the 
flow cell system. 
5 .4 RESULTS OF'ANALYTICAL WORK 
5.4.1 Flocculation Value Tests 
Table 10 presents the flocculation concentrations of natural and pure 
suspensions. 
Trends apparent from examination of the results are the greatly 
decreased flocculation concentration as the valency of the ion 
increases. This'effect is consistent with the empirical Schulze-Hardy 
rule which predicts the effect of counter-ion -charge on suspension 
stability. This law states that the flocculation concentration 
decreases with 'an increase in the valency of ions in the suspension. 
The size of an ion can also influence flocculation values due to its 
direct effect on the charge density of the ion. 
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In Table 10 the results of flocculation salinity tests have been 
presented on both naturally-occurring and pure clay suspensions. The 
tests were conducted at pH values of 5,7 and 9 and sodium, potassium 
and calcium chloride brines were used as the flocculation 
electrolytes. The critical sodium chloride concentration for 
flocculation of a dilute mixed fines suspension from Forties separator 
sand was in the region of 0.5M (0.3% wt) The flocculation value of 
the pure kaolin suspension, is much lower than in the case of natural 
clay suspensions. The broad size distribution of suspended material 
and contamination by quartz and other fines in natural clays is the 
probable cause of these differences. 
5.4.2 Clay Analyses 
The particle size distribution of fines released in water shock 
experiments with separator and Fine-Grey sands is presented in Figures 
52-53 respectively. Figure, 52 shows that virtually all- the fines 
released were of. the one micron size class. In, this figure- the 
difference between the two curves is probably due to some larger fines 
distorting the analysis because of- their higher weight. - ,- The 
mineralogical composition of these fines (Table 7) stows kaolinite to 
be the major component. 
Figure 53 shows the size difference between those-fines which could be 
removed by ultrasonicating a sample of sand in water and those 
obtained by a brine-water displacement experiment in a sand pack. 
These fines were termed 'loose' and 'attached' fines respectively. 
The loose fines can be seen to possess a much wider size distribution. 
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The particle size distribution across a front of migrating fines is 
presented in Figure 54. These fines were produced fran Rtnz 11. The 
graph shows that smaller particles are found at the head of the front. 
5.4.3 Atanic Absorption Spectroscopy 
The results of ion adsorption tests are given in Table 15. In these 
tests, described in Section 4.7.3, clay suspensions were caritacted 
with electrolyte solutions of various strengths. The depletion in the 
cation content of the electrolyte solutions was measured using this 
technique. 
Pure kaolin was found to absorb both sodium and potassium ions in 
amounts which varied with the strength of the electrolyte contact. 
The data shows that 15 times more sodium ions were adsorbed. for 0.01M 
sodium chloride than with a 0.001M solution. Similarly, the potassium 
ion adsorption was 7 times greater over the same concentration range 
of potassium chloride. Calcium chloride adsorption was approximately 
4 fold greater. Small concentrations of sodium ions were found to 
exist naturally with kaolin clay. However, potassium and calcium ions 
were absent. These results show that kaolin has a greater affinity 
for potassium ions than for sodium or calcium ions. 
Clays washed fron Fine-Grey sand had much higher adsorption capacities 
than for kaolin. The affinity for sodium ions was greater than that 
for potassium ions, in contrast to the results for pure kaolin. Also, 
calcium ion adsorption was greater in the natural clay although this 
did not increase with electrolyte strength. 
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5.4.4 Electrv Microscope Study 
The morphology of clays and fine materials on sand grain surfaces was 
studied using scanning electron microscopy. Plates 1-2 show the 
surface of separator sand grains. Plate 3 looks at Fine-grey sand at 
low magnification. Clay material separated fron separator and Fine- 
grey sands are examined in Plates 14-15 respectively. The typical 
hexagonal-shaped form of kaolinite platelets was found in relative 
abundance in the reservoir clays. Plate 16 shows evidence of a more 
disordered kaolinite in clay from Fine-grey sand. 
The SEM-EDX(Energy Dispersive X-Ray) technique for detecting the 
presence of surface ions on clay surfaces provided evidence of the 
existence of trace quantities of potassium and calcium ions on clays 
from separator and Fine-grey sands. Plates 17 and 18 represent a 
calcium ion map of fines from a 'Fine-grey sand sample which was 
contacted with calcium chloride before being thoroughly washed with 
distilled water and dried for examination. A comparison of these 
micrographs shows that a concentration of calcium ions remains on the 
clay surfaces. 
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CHAPTER 6 
TITQPT 1ceTrml 
6.1 MECHANISMS OF FORMATION DAMAGE 
The permeability of a reservoir can be permanently reduced by the 
action of incompatible fluids and plugging solids in the well-bore 
region. Drilling, cementing, well completion, stimulation-and 
production operations may cause damage due to a- number of effects. 
These include: 
a) The invasion of the well-bore by solid particles in drilling 
fluids. 
b) The precipitation of salts and insoluble products of acid-base 
type reactions (e. g. iron sulphide, barium sulphate). 
c) The formation of hydrates. 
d) Bacterial activity(e. g. of sulphate reducing bacteria (SRB). 
Formation damage may also be caused by specific fluid-clay 
interactions, investigated in this work. These effects can cause 
damage both near the production and injection wells but also deeper 
within a reservoir. This type of reservoir damage is evidenced by a 
gradual or in some cases rapid decline im permeability, and is very 
difficult to prevent. As reservoirs progress through maturity to 
depletion, water/oil ratios increase. The compatibility of flooding 
brines and reservoir clay takes on greater significance under these 
conditions. The interaction of clays and flooding liquids has been 
considered, with some uncertainty, to be a potential cause of the 
problem. Although the effects of clay damage are often reported, the 
115 
causes have been less well investigated. The effects of this type of 
damage are significant in teens of the amount of recoverable oil lost 
to production. There are, in principle,, three proposed mechanisms of 
clay related damage as follows: - 
e) The effect of swelling clay in reducing the available pore space. 
f) The dispersion- of adventitious particles of clay -minerals and 
quartz resulting in plugging of the pore constrictions. 
g) A combination of swelling and dispersion since both mechanisms 
result in an increased, or potentially increased mobility of 
fines. 
Colloidal clays are found intermixed with quartz and other fine 
particulate matter in the pore spaces of reservoir rock. The forces 
holding these clays to the'pore walls in their agglomerated state 
largely depend on the depositional -history of the reservoir. Both 
mechanical and electrochemical forces contribute to the equilibrium 
which exists between clays, the'pore 'surfaces and connate -, fluids. 
Clays may exist as well-impacted materials in the pore constrictions 
and voids or as a loosely distributed agglomerated mass in the pore 
space. .'- 
The experimental work has stxwri that for single phase experiments with 
sandpacks, hydrodynamic forces are unable to entrain the-intergranular 
materials. This has also been shorn for two phase core flooding tests 
[41] where the wettability of fines is a factor. Average flood 
velocities in a reservoir are of the order of a few metres per day. In 
producing oil reservoirs the region around the well-bore may however 
be susceptible to damage by solids deposition and pore-plugging 
through the action of the high fluid velocities. High velocities lead 
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to the formation of low permeability cake-type deposits. In 
experiments in this work, flood velocities in the range from 7-75 
m/day were unable to bring about any release of already adhered 
particles. A second exception to the general rule that fluid forces 
do not play a major role in the mobile fines problem is when the fines 
in a formation may already exist in a , semi-stable or 'sensitised' 
state. This condition may be difficult to detect from a study of field 
data. In this state any change in the hydrodynamic conditions in the 
reservoir is likely to affect the state of equilibrium which exists. 
Formation damage can also be caused -by, clay swelling as opposed to 
clay, migration effects. However there are characteristic differences 
in the way in which permeability changes occur in each mechanism. In 
the case of swelling of clays, permeability decreases when the 
salinity of pore fluids drops below some critical value or if fresh 
water is introduced. An indirect result of the swelling process is 
that fine material may yet become-dispersed. -This gives rise to 
combined swelling-pore plugging. Swelling clay has not been considered 
to be a major' problem in the Forties North Sea sandstone. 
Consequently, the investigation was designed to preclude its effects. 
Both separator and'Fine-grey sands, used in the the experimental work 
contained insignificantly small amounts of the swelling clays. 
Permeability loss caused by the release, migration and pore-plugging 
action of fines occurs initially at a faster rate. Secondly, in core- 
floods, a reversal of flood direction results in a temporary increase 
in permeability before the rapid decrease typical of pore plugging 
behaviour occurs (Figure 14). This has also been shown, in this work, 
to hold true for conditions in sandpacks (Figure 40). 
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6.2 ' er OF SALINITY CHANGE 
Spontaneous permeability loss effects have been observed when fresh 
water displaces monovalent brines in sandpacks. The permeability 
reduction is coincident with the release of large quantities-of clay 
from grain surfaces. Analysis showed that kaolinite formed 
approximately ninety percent of these- fines. Typical permeability 
profiles, -Figures 20 and 24 show that there are two aspects to the 
observed effects. On water flow, an immediate effect on bed 
permeability occurred, with a decrease to approximately 60-70% of 
brine permeability. There followed a period of recovery which 
occurred at the same time as the fine clay material was eluted from 
the bed. The final permeability was about 70-90% of initial. It is 
evident that fines advancing through the bed in a highly concentrated 
zone located at the brine-water interface have a marked though 
temporary effect on permeability. The more permanent reduction occurs 
due to the- recapture of fines within the bed. These fines remain as 
pore-surface type deposits, decreasing the available cross-sectional 
area for flow. This reflected in the permanent permeability loss. The 
experiments with the separator and Fine-grey sands strewed that these 
materials behaved in essentially the same way, with respect to 
permeability and clay mineralogy, when flooded-under identical 
conditions. F 
Permeability reduction-effects were minimised in experiments where 
flood salinity was continuously reduced. Two rates of decrease in 
salinity were tested. At the lower rate of salinity decrease (half 
life tl/2 = 3PV, measured as the time taken for the salinity to 
decrease by 50%), there was -a small but noticeable decrease in the 
permeability of the sandpack when the inlet salt concentration had 
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fallen to less than 0.11M, for a sodium chloride flood. This was 
combined with a sharp increase in effluent fines production., With a 
higher salinity decrease rate of 1 PV the sandpack displayed similar 
behaviour but with a higher permeability loss caused by a much higher 
concentration of fines in the effluent. In both runs, the 
permeability loss was far less severe' than earlier experiments in 
which the sandpack was subjected to fresh water flow after being 
sensitised with sodium chloride brine. An interesting observation was 
that flow of fresh water at the end of the slowly decreasing salinity 
runs did not have further drastic effect on permeability. Decreasing 
salinity floods with an initial' potassium chloride brine showed a 
similar critical salinity level for permeability reduction and clay 
release. 
The results of continuous salinity decrease tests points to the 
existence of a critical level of salinity of about 0.11M sodium 
chloride at neutral pH conditions for Fine-grey-sand packed beds. 
Flocculation value tests (Table 10) indicated a clay suspension 
flocculation concentration at about 0.057M sodium chloride for fine- 
grey sand clays. 
With an abundance of sodium" ions ' at the start of run conditions the 
naturally occurring divalent and other clay-arnpatible ions which 
'bond' clay particles together and enable attachment to grain surfaces 
are largely removed from their preferred sites. The extent to which 
the binding ions are removed depends on the concentration of the salt 
solution in intimate contact with clay masses present. Most binding 
ions can be said to have been removed from particle surfaces when a 
0.5M sodium chloride brine is contacted with a fine-grey sand bed. 
Reservoir core clays possess a different level of n xovalent brine 
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salinity for this process'to occur. The ion exchange properties of the 
clays present have a direct effect on the critical salinity level. 
As the sodium ion concentration falls in the reducing salinity floods, 
repulsive double layer forces increase and counteract existing Van der 
Waals forces. A change in the total interaction potential energy of 
the system is effected such ' that the clay materials are "partially' ; 
sensitised from a state of strong adhesion to a weaker condition. It 
is probable that, in electrochemical terms, clays previously in a 
primary energy minimum have reached an equilibrium secondary minimum 
condition. Studies on the mode of aggregation of clay particles have 
proposed that changes occur in the mode of clay-clay and clay-grain 
surface condition. It is well known that, for example, kaolinite 
platelets, adopt very specific face-face and edge-face interactions 
under conditions of varying ionic strength [78,80-81,85]. -It is 
probable that the mode of flocculation and grain attachment of 
kaolinite and illite undergoes some change. Such changes have been 
difficult to observe physically in sandpack or core studies, though 
electron microscope studies show the existence of a number-of 
attachment states [14]., Experimental -work done in - this study stored 
some variation in clay flocculation structure when clay suspensions 
were in contact with different brines. - Clay flocs in , contact with 
divalent brines were observed to possess seemingly smaller bulk 
volumes than those with n xovalent salts. This is most likely due to 
stronger binding forces between clay particles when divalent ions are 
present. 
Clays most susceptible to dispersal can- be assumed, to be 
accessible to the changing salinity patterns of pore fluids. These 
would be the discrete particles, small flocs and the outermost 
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particles of larger. flocculated masses. It is. proposed that the 
partial expansion of the double-layer in the continuously reducing 
salinity floods brings about the release of such clays which are 
exposed to the sensitising action of. sodium ions. Residual divalent 
ions present in the clay mass prevent complete dispersion of all clays 
unless the rate of salinity decrease is infinitely high(as in fresh 
water displacements) when even these ions are extracted fran tightly 
bound clays. 
The reducing salinity technique appears to result in a semi-stable, 
transition state as regards clay water sensitivity. Increases in flow 
rate adversely affected permeability under these conditions. The 
method may offer, if properly implemented, an alternative to fresh- 
water injection-in on-shore reservoirs. However, complete 
investigation of, salinity and flow regimes using accurate and reliable 
laboratory data is essential before employing reducing salinity 
waterflooding. 
It is, proposed that during a flood, both the critical minimum salinity 
and the rate of decrease of salinity are the determining parameters 
for clay particle release. Either factor alone is insufficient to 
cause mobilisation even though clays may exist in - asensitised-state. 
Evidenceý, for this can be found in-the results of runs where an initial 
0.5M NaCl brine was replaced by a 0.17M NaC1 brine in a step change. 
Even though the rate of salinity decrease was very high, no fines 
mobilisation or. permeability reduction-effects were observed. In 
floods where 0.5M NaC1 and 0.17M NaCl brines were displaced with fresh 
water, spontaneous fines release and permeability reduction occurred. 
This was because in the latter, r runs, . the salinity fell below the 
critical mirdm n-level required- to maintain fines in a flocculated 
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state. ' Thus even though a 0.5-0.17M NaC1 step change represents a high 
rate of salinity decrease, permeability did, not decrease. In fact 
permeability under flow of 0.17M NaC1 was slightly higher than that 
under 0.5M -NaCl flow. This increase in permeability- is probably -a 
result of the pherrmenon of electro-osmosis ý[27]. This-is the effect 
where-an electrolyte or suspension of charged particles flowing 
through an electric field experiences a drag which is related to the 
concentration of the electrolyte and magnitude of the electric field. 
6.3 EFFE OF pH 
The pH of flooding liquids is an important factor in the clay 
mobilisation process. Extreme conditions of pH are also known to cause 
matrix dissolution effects [8,34]. Because of their plate-like 
structure and high surface sensitivity, clays-in oil reservoirs play a 
significant role in all stages of production. 
As can be seen in Plates 14-15, kaolinite particles are hexagonal 
shaped plates from sub-micron to a. few microns in their major 
dimensions. The thickness of each plate is usually less than 0.1 
micron [26,78]. -A kaolinite card-pack-may be composed of tens of 
plates held together by strong Van der Waals forces operating when the 
electrolyte concentration and pH are high. Under neutral pH conditions 
kaolinite particles and clays in`general are negatively charged. Low 
pH conditions favour the binding- of - potential determining hydrogen 
ions at the edges. This imparts a net positive charge to some clay 
particles causing edge-face attraction. Loosely associated high 
permeability card-house structures are formed in this manner. The 
transition between negative and positively charged kaolinite particles 
occurs between pH4 and pH5. Under alkaline and low electrolyte 
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conditions, kaolinite particles deflocculate 'into discrete particles 
or small groups of platelets in face-face association. -. 
In alkaline water floods, clays previously in equilibrium with 
formation water undergo- cation-exchange in which hydrogen, calcium and 
magnesium ions are lost to the displacing fluids with resultant loss 
of alkalinity. In surfactant flooding, cation exchange results in ion 
transfer from the, clays'to the surf actant solution causing their 
precipitation. Surfactant and polymer solution floods are also 
adversely affected by their adsorption by clay surfaces. 
The consumption of caustic by clays ° is a, function of the amount and 
type of clay minerals, the concentration of caustic, salinity of 
water, temperature and contact time of the-flood. The concentration of 
a caustic ý-flooding solution can be - significantly - reduced when clays 
exchange binding hydrogen orvcalciim ions for sodium ions, thus great 
care should be taken in designing caustic flooding operations. 
Sandpacks were damaged to varying degrees when treated with acid and 
alkaline solutions [34]. In this work, sandpacks-suffered minor 
permeability reduction when treated with dilute acid and alkali 
liquids. It is likely that the observed permeability reduction was 
caused, by a=canbination of dissolution effects and rearrangement of 
the clay in the sandpack. Low pH conditions favour both face-face and 
edge-face, association. In sands containing calcite, dissolution of 
basic calcite materials is observed, and is a mechanism of damage when 
acidic conditions prevail [49]. 
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With alkaline solutions (0.01M NaOH), significant quantities of quartz 
were found in the effluent. Permeability loss was more severe. These 
results indicate the dissolution of amorphous quartz which is usually 
found as intergranular cementing material. Hydroxyl ions also attacked 
the clay-clay agglaneration forces, causing large clay masses to break 
up and disperse when distilled water was introduced. 
Fine grey sand exhibited hydroxide retention properties. This was 
observed in high pH sandpack flooding tests with a 0.5M NaCM brine 
adjusted to pH 9 with sodium hydroxide. Figure 35b shows the effluent 
pH profile. On introduction of the high pH brine, the effluent pH 
response was dampened for 3 PV before attaining the pH level of the 
influent. It appears that during this period, clays in the sandpack 
were actively adsorbing hydroxyl ions. Other workers have observed 
similar behaviour with core flooding tests although the processes of 
ion exchange have not been well understood [15]. 
It appears that when sodium ions are present, hydroxyl ions form a 
large part of the diffuse double layer around clay particles. They are 
prevented from attacking the 'acidic' silica surfaces by the already 
established double layer. In the case when no sodium ions are present, 
dissolution of the acidic parts of the sandpack matrix occurs with 
resulting particle dispersal. 
6.4 OONTRIB Y ION OF ION EXCHANGE 
Ion exchange leading to weakening of interparticle and particle- 
surface forces is the likeliest cause of particle dispersal. Under 
natural reservoir conditions, - clays exist as flocculated materials 
which are sedimented in the pore space. Flocs are held to the pore 
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surfaces-- by a combination - of mechanical interaction, largely 
determined by the geological conditions, and the presence of a range 
of ions oc cupying specific positions on -the clay surfaces. Calcium, 
magnesium, potassium and sodium salts are all present in appreciable 
quantities in connate waters and on clay surfaces in their natural 
state. 
It is proposed that changes"in the double layer around clay particles 
are preceded by ion exchange-processes between clays and flooding 
fluids. The extent and nature of these processes determine the extent 
of double layer expansion or contraction. Calcium, magnesium and other 
high valence are preferentially adsorbed by kaolinite clay when they 
are present-in mixtures of monovalent and divalent brines. Similarly 
potassium has been found to be associated with illite clay. These 
'preferential' ions may however be removed from clay surfaces if a 
displacing flood medium has high concentrations of monovalent ions. 
As already mentioned fine materials exist as well-impacted floc 
clusters-due to their pressure-temperature influenced deposition 
history.. Thus it is likely that only the outermost and therefore most 
accessible particles of a flocculated mass of clay are attacked by 
monovalent brines. Ion exchange occurs rapidly at these locations. 
There is also the question as to whether it is the clay-clay forces or 
the clay-silica forces, which are affected before the onset of 
dispersal. Flow cell studies stowed that clay-silica forces are fairly 
strong compared to the clay-clay forces (Section 5.3). It is unlikely 
that individual clay particles are dispersed but that the forces 
holding-flocculated clays together are disturbed. In the case of 
kaolinite, this means the break-up of forces holding the card-pack 
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aggregates. These structures then travel through the pore under, fluid 
flow. Individual particles of kaolinite may then break of f the 
aggregates through the action of fluid shear, particularly near the 
pore constrictions where high local velocity gradients exist. 
The mechanism of ion exchange appears to be concentration and pH 
driven. The pH of flooding liquids appears to be a'governing factor in 
the inhibition of ion exchange processes between clays and s 
fluids. Low pH has the effect of preventing the loss of divalent ions 
originally on clay surfaces when monovalent ions would be expected to 
replace them. This is primarily due to the interaction'of clay 
particles with hydrogen and hydroxyl ions. In the case of kaolinite, 
these ions are strongly adsorbed onto the edges of clay plates. This 
has a marked effect on the clay zeta-potentials which dictate double 
layer effects. 
This work has shown that the critical sodium chloride concentration 
for ion- exchange exists at a higher level than the mininun threshold 
salinity reported to prevent permeability reduction [34,43]. There is 
a critical minimun salinity for each ion type. Above this the fines 
remain flocculated. However there is also the fact that if ira valent 
ions are present they will replace` any stronger ions' on the clays. 
This explains why in, Run 9 fewer fines were produced (NB: " 0.3% Na = 
0.056M NaCl). Simple flocculation tests (Table 10)'steed the range 
of flocculation salinity for various fines to lie in this, region. 
It is conceivable and reasonable to suppose that fines which are 
easily accessible in -the pore space would be influenced by a low 
sodium chloride concentration on the basis of deflocculation. This was 
witnessed in Run 9 when a change from 0.05M to 0.02M brine caused a 
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small fines-release. These were the easily accessible fines responding 
to a decrease in salinity by their flocculation-deflocculation 
behaviour. -Comparatively fewer fines were produced in Run 9 when 
compared with earlier fresh water shock floods when fines 
concentrations were in the region of 150 g/l. This suggests that de- 
flocculation is nct, the primary cause of nobilisation although a small 
expansion of the double layer(evidenced by minor particle release) 
does in fact take place. 
Results show that for reservoir separator sand the concentration of 
sodium ions should be at least ° 0.11M for ion exchange to take place. 
Calcium ions or divalent ions have much higher charge densities than 
dictated by`their increased valence compared to noncvalent ion. This 
is due to the fact that there is little difference in ionic sizes in 
the alkali metal ions. For example, calcium has an ionic radius almost 
equal to that of sodium and smaller than that of potassium (Table 2). 
Thus, in order to remove a calcium ion from a clay particle 
canplexation or preferential -adsorption site, five or- six times as 
many monovalent ions are needed-in-close proximity. Further the 
divalent ion may be of such a size that-it is tightly held on an 
adsorption site, on the particle surface, or in the structure. This 
would explain why sodium chloride concentrations higher than the 
flocculation concentration would be required to repave such ions. 
These ions may be termed 'binding' ions as their location on clay 
surfaces determines the adhesion between clay particles (flocculation) 
or the adhesion between clays and grain surfaces. Thus the sodium ion 
concentration would need to be high before ion exchange can take place 
as proposed here. - 
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Atomic Absorption Spectroscopy provided a means-, of measuring-the 
levels of various ionic species associated with sandpack clays. The 
results of work done using this technique provide further evidence of 
the concentration dependence of'ion exchange processes. Table 15 shows 
that the cation adsorption capacities of pure and natural kaolin 
materials are a strong function of the electrolyte concentration. This 
dependence was measured in the case of sodium, potassium and calcium 
chloride brines. The presence of calcium ions on' clay surfaces, was 
confirmed in SEM-EDX analysis as already described in Chapter 4., Plate 
18 is a calcium ion map of agglomerated clay material as shown in 
Plate 17 which were obtained from Fine-grey sand. 
6.5 HYDRODYNAMIC FORCES 
A waterflood may advance through a formation at a rate of a few metres 
a day. Invariably the Reynolds number based on the superficial 
velocity will be very low, in the region of 0.001. In sandpack 
experiments in this work` the Reynolds number was 0.3. Fluid shear 
forces are likely to be most important since values of Reynolds 
number less one are sufficiently low so 'that inertial effects are 
small [106,109]. However, the pore' velocities will vary widely. The 
distribution of pore velocities will be influenced mainly by the pore 
size distribution. The pore velocity is an arguably' better criterion 
for fluid force calculations especially where rock heterogeneity is 
known to exist. 
The reservoir heterogeneity and the morphology of deposits in the pore 
space will affect the fluid forces experienced by their effects on the 
interstitial velocity. Clays in reservoir sandstone cores exist in one 
or a mixture of modes of association. They may be found as discrete 
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particles lining the pores, or as a flocculated mass in the pore space 
and blocking the pore throats. The clay deposits may be loosely 
associated 'card-house' type structures, 'card-pack' platelets weakly 
attached to pore walls or as rigid 'cake-type' deposits. Each of these 
modes and mixtures of these modes are a result of a specific ionic- 
chemical equilibriun between clay and the surrounding fluid. The size 
distribution of fines also affects the type of deposit and the 
theological properties of pore fluids when mobilisation occurs. Large 
particles are easily trapped at pore constrictions where they increase 
the capture of smaller colloidal fines. 
Figure 55(a) shows the hydrodynamic forces acting on a deposited 
particle or an'assemblage of particles, assuming spherical geometry of 
particles and'grains. A deposited particle will experience a shear 
force due to frictional drag fron the flowing fluid. 
The hydrodynamic force calculated using equation, (26) is in the range 
0.5-2 N/m2 for a sandpack porosity of 0.3, an average grain size of 
100 microns and typical reservoir flood velocities (approximately 1 
m/day). These forces are negligible when compared with colloidal 
double layer and Van der Waals forces as calculated in Section 6.6. 
In freshly packed water-saturated sandpacks of fine-grey sand there 
was virtually no increase in entrained fines in response to increases 
in flow rate of distilled water. After the initial peak in eluted 
fines, produced by the packing process, the fines concentration 
profile decreased'to a constantly low level. Step variations in water 
injection flow rates in the range 2.5-25 ml/min corresponding to 
superficial velocities of 7-70 m/day produced very small surges of 
fines in the bed effluent. These surges were insignificant when 
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compared to the amount of fines produced in a water-shock test. 
Further, ' the lack of any measurable decline in permeability leads 
towards-the premise-that in their naturally adhered condition, in the 
case of fine-grey sand, clays are'not mobilised by increasing the 
flood velocity. Investigation of wetting phemnena and oil-water 
interfacial effects would be required to prove conclusively that flood 
velocity was not a factor in 'real' reservoir floods [41]. 
Flooding velocity was determined to be an important factor in 
permeability reduction when the mobilisation of fines in the'sandpack 
was already underway in brine-water stx: )ck floods. In this condition, - 
permeability reduction was dependent on flood velocity. Typical 
results for sandpacks undergoing water-shock showed that, permeability 
decreased abruptly when the flowrate was increased during the 
experiment. Severe permeability reduction was observed. The resistance 
to flow due to the increased viscosity of the mobilised zone of fines 
was the primary reason for. the observed, effect. The rheological 
properties of concentrated clay suspensions are well-kr n- for their 
irregular response to fluid shear. 
6.5.1 Critical Flood Velocity 
The experimental: work-°has shown that in sandpack flooding, clay 
particles are not mobilised by increasing the flooding velocity alone. 
Gabriel and Inamdar [47] found that in flow tests with Berea sandstone 
cores (permeabilities of about -150 md), saturated with a 2%. potassium 
chloride solution a : critical maximum superficial velocity of 0.007 
cm/s (6 m/day) existed, above which particle mobilisation occurred 
with any chemically-compatible wetting fluid. No critical velocity 
criterion was found for the flow of a chemically compatible non- 
wetting fluid (e. g. oil) atýconnate water. This was attributed to the 
confinement of particles in the water film. 
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The absence of fine materials in the effluent frcm sandpacks is not 
necessarily in conflict with the above work. Unconsolidated sandpacks 
have much higher permeabilities than reservoir core media. This means 
much higher tortuosity of flow paths-in core media,, resulting in 
higher lift and drag forces on adhered fines. ýSecondly the extraction 
of cores with solvents prior to flooding experiments could leave these 
cores in a sensitised state as occurred with"core flooding experiments 
in this work. 
Core materials have pore diameters which are a few tens of, micinns 
at maximum [12]. -Thus the interstitial velocity in the smaller pores 
is likely to be much-higher than the superficial velocity and adhered 
particles would be literally 'sheared' off from their deposition 
sites. These shear and inertial 'lift' forces are much lower in 
sandpacks. 
The mechanism of release of clay particles from, grain and, pore 
surfaces is very much a- chemical-ionic controlled process with fluid 
velocity playing- a part only - after - the, desensitisation process has 
occurred. 
6.6 CAL FORCES -: 
Suspensions of colloidal particles are subject to electrochemical 
forces as a result of their interaction with surfaces or other similar 
particles. - If two particles are a long-way apart, their motion is 
completely independent of the location of the other particle. 
However, if they pass sufficiently close to each other, Van Der Waals 
forces will cause them to attract one another. If the particles are 
electrically neutral, the two particles will c tinue to be attracted 
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until they-reach the equilibrium--separation, corresponding to a 
minimum in the mutual potential energy , curve. -. 
If however, a double' layer system exists, '' as, with charged, particles, 
the particles will move towards each other until the diffuse layers 
start to overlap., -When this occurs some ions will leave the overlap 
area (due to the concentration gradient), -. and consequently, the surface 
charges will no longer be adequately screened. This causes -a 
repulsive force between the particles, and the particles move apart. 
The canbination of attractive forces and repulsive forces determines 
the overall potential energy of the system. A series of curves can be 
obtained which characterise the interaction force under the ionic and 
chemical conditions-of interest. 
Thus for, low, iionic, strengths (low value of K, the Debye-Huckel 
reciprocal double layer thickness parameter), the double layer 
repulsion effect dominates, and the particles are repelled, except at 
distances -near. to the equilibrium position. -Even if the equilibrium 
position is adopted, the particles will separate much more easily 
than if no double layer existed, as the potential well is'small. So 
the presence of large numbers , of ions would be expected to improve the 
adhesion of particles to one another, "and small numbers of ions 
decrease the adhesion. 
In Chapter 2 the double layer repulsion forces, FR and the attractive 
Van der Waals forces, FA have been studied. A su nnation of these 
forces will result in a total force, FT, to which the colloidal 
particles are subjected. Double layer and Van der Waals forces were 
calculated using equations (23) and (9) respectively. The zeta- 
potential of kaolinite and silica surfaces have been extracted from 
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the literature [78,79,36]. The saun colloidal forces for face, and edge 
association of kaolinite are shown for various pH conditions and 
sodium chloride concentrations in Figures 56-57. It can be seen that 
the total colloidal interaction force in'a kaolinite-silica system is 
in the range, -100 to 100 kN/m2 and thus many orders of magnitude 
higher than the hydrodynamic' shear force. This is not to say thatthe 
hydrodynamic force does not contribute to the clay mobilisation 
process. Colloidal forces fall rapidly to zero as the particle to 
grain separation increases. Hydrodynamic forces then begin to be 
strong enough to, bring about particle detachment and re-entrainment 
processes. 
6.6.1' Clay Face Association - 
In their natural state, reservoir clays exist as well flocculated 
materials which are stio ly attached to pore surfaces. 'The normally 
high salinity conditions maintain the strength of Van der Waals 
interparticle and particle-grain ataction' forces over weak double 
layer-forces caused by depressed double layers. Secondly, the Van der 
Waals attachment forces between flocculated clays and grain surface 
are thought to be greater than those between an equivalent mass of 
nom-flocculated clay and surface. Stroig Van der Waals forces are 
responsible for the 'plate-stack' condition which' is 'usually 
encountered with well-crystallised kaolinite in reservoir core 
materials. These card-pack structures are-attached to pore surfaces by 
a canbination of Van der Waals"and"double layer forces. 
Figures 56 to 57 show the force balance for these interactions between 
a model clay card-pack faces and a flat silica surface. The 
calculations have been based on the zeta-potentials under the range of 
pH and salinity conditions as given in Tables 3 and 4. Equations (9) 
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and `(23) were used to estimate the Van der Waals and double layer 
force ccrponents respectively. Sw 
At neutral pH conditions, Figure 56b, the transition-, between 
attractive and repulsive forces is theoretically predicted when the 
salinity, based on sodium chloride, falls to below 0.08M NaCl. This 
figure, which is for pure kaolinite, is within satisfactory agreement 
with the critical salinity of 0.11M observed in this study, bearing in 
mind that natural clay fines contain a wide variety of mineral species 
which have different and specific zeta potentials. 
At -lower pH 'values, Figure ý 56 (a), the critical salinity level for 
particle detachment decreases further. As mentioned in Section 6.3, 
hydrogen ions function as effective ion exchange inhibitors. This 
implies that the salinity of a low pH flood could decrease further 
than with a neutral pH flood. At higher pH, the critical salinity 
level for detachment increases. The dispersing action of the hydroxyl 
ion in this case means that higher salinity levels are-'required to 
keep clays flocculated and immobile in the high pH floods. 
It can be seen that the - pH of fluids in contact with clay exerts a 
controlling influence on the-dispersive behaviour of the flocculated 
clays. Thus, at higher pH conditions, in general, clay dispersal is 
promoted even with high electrolyte concentrations. At pH conditions 
below neutral, face-face attraction forces predominate and the 
electrolyte strength for particle dispersal is reduced. 
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6.6.2 Clay. Edge Association' 
The edges of clay particles offer highly active ion exchange sites due 
to the presence of a high surface density of, °broken bonds. These occur 
both in the alumina (negative) and in the silica layers (positive). 
The response of edges to changes in pH and electrolyte strength, are 
difficult to accurately predict for this reason. Although the edge 
area is physically a fraction of, the total surface of, a clay particle; 
the edge surface potentials under-specific pH conditions are 
canparable in strength to, those on the basal surfaces. 
Edge zeta potentials for kaolinite (Table-3). became increasingly, more 
positive as the pH of the suspension containing the clay decreases. 
Above a critical pH level, negative double layers (i. e. negative zeta- 
potentials) prevail, , although they do, characteristically, became 
increasingly positive with any increase--, in-, the electrolyte 
concentration. ,, --, 
At all low pH levels below 7.5 clay particle edge-silica grain surface 
forces are attractive and keep particles deposited or in a mode of 
flocculation. This is- because the hydrogen, ions act effectively , as 
divalent ions and-are strongly adsorbed onto-clay surfaces, depressing 
double-layers. Attractive. forces prevail at all electrolyte 
concentrations, -under low pH strengths. -,,, 
However, at pH =-9, -. clay particle edge to silica grain forces became 
slightly repulsive if the electrolyte, strength. decreases below about 
0.1M-sodium chloride. 
-, `f ý .ýd 
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6.7 A MODEL FOR CLAY MOBILISATION 
The phenomena of spontaneous mobilisation of clays in sand beds, as 
has been reported in this work, is a response to specific changes in 
the ionic ' envirormnent to which the bed is subjected. Depending on 
ionic conditions after nobilisation, 'the fines suspension in the pores 
may either progress through, the bed- with increasing or decreasing 
concentration. The permeability reduction-due to clay mobilisation and 
consequent plugging effects can only be modelled if account is made of 
the ion exchange processes which occur. The work has scam that there 
are clearly many ways in which the clays associated with sand surfaces 
can respond to changes in the-fluid environment. 
It is proposed that the process of clay mobilisation and subsequent 
permeability loss is the result of the occurrence of a nwnber of 
processes which act rapidly and in sequence. Figure 59 is a schematic 
representation of the proposed model for mobilisation. 
6.7.1 Sensitisation 
Sensitisation represents a change in the electrical potential energy 
level of . the clay system from a state in which forces of attraction 
predominate (between charged surfaces) to one where inter-particle and 
particle-surface repulsion beccmes"strcnger. This change in the energy 
level is accompanied by small, imperceptible increases in the clay- 
clay and clay-substrate attachment distances which are of the order of 
a few nanometres. As yet, such changes have not been measured. 
However, it appears that the process of sensitisation elevates clays 
previously trapped in a deep primary energy minimum to a shallow 
secondary minimum or some transition state. A further expansion of the 
double layer from the secondary minimum position, as with water shock, 
136 
invariably results 'in mobilisation. ` A ccmbination of double layer and 
hydrodynamic forces then causes the spontaneous particle dispersal and 
permeability loss. 
Sensitisation is brought about by changes in the pH and salinity of 
fluids. They detennine'the extent of ion exchange processes involving 
the loss of divalent ions from the clay surfaces and their replacement 
by monovalent or other divalent ions of -suitable size. Under a-given 
flooding environment, these factors may either reinforce or reduce the 
beneficial effects of one another. Naturally occurring clays possess a 
mixture of nxxmvalent and divalent ions adsorbed onto'"their'surface. 
The ion exchange arises because of the inherent charge deficiency'of 
the clay mineral atomic structure. This is due to substitutions of one 
atom for another, or preferential ion adsorption where specific ions 
are strongly attracted to the clay surface or incorporated in the 
structure. Broken bonds, particularly at the edges of clay particles 
also increase the ion exchange'capacity of clays. Broken bonds 
increase with', decreasing particle size and crystallinity. Kaolinite 
from Fine=grey clay was found to'beof low crystallinity., -, 
The state ' of Isensitisation of a clay in a reservoir, undergoing 
waterflooding is difficult to detect. This -is because the 
sensitisation process'does not result in any noticeable effects. 
6.7.2 Entrainment 
There has been widespread debate about the role of mechanical forces 
in formation damage in the literature. Many workers [40-42,47] have 
found that a critical flooding velocity exists above which damage 
occurs, whilst others have reported that damage is independent of such 
physical factors. This work has shown that ionic-chemical mechanisms 
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are needed 'to explain the process of sensitisation whilst entrainment 
is very much governed by the flooding velocity. Since it is 
entrainment- which controls the amount of fines which will migrate, and 
possibly'plug the formation; ' the flooding velocity is of, great 
importance in determining the level of damage. Howeverwithout the 
initial stage of sensitisation, which is entirely an ionically governed 
process, 'clays would not mobilise even under very high"flooding rates. 
Once"a clay mass'is''sensitised, even very small flooding velocities 
will cause entrainment. The effects of high"flooding velocities appear 
to be significant not on the entrainment step but in the migration and 
subsequent depositional behaviour of clays in suspension. In microcell 
studies clay deposition on silica surfaces was found to be directly 
proportional to-the suspension velocity' under favourable ionic 
conditions of deposition. 
6.7.3 Migration and Pore Plugging 
ice chemical or ionic changes in'the fluid bring about the release of 
fines, a concentrated zone of fines'quickly develops between displaced 
and displacing fluid. This occurs because the low salinity fluid 
causes significant, double layer expansion which is sufficient to cause 
fines entrainment. Released fines accu ulate at the interface between 
the low and high salinity fluid. The fines concentration in the front 
reaches a maximum equilibrium, value which depends on the fines 
content of the'sandpack and the flowrate. 'A lower flowrate results in 
a higher front concentration in a zone of narrower width. In addition, 
permeability is"less severely affected at lower flowrates after 
mobilisation has taken place. 
138 
The experimental work done in this study has shown- that the rate, of 
particle plugging at constrictions is proportional to'the fines 
concentration in the fluid and at the plugging site and also-to the 
flood velocity. Plugs fozmed at high velocities are less likely to be 
broken by techniques such as reverse flow which dislodges weaker 
bridges. This is because of the degree of impaction of particle plugs 
and the penetration of pore constrictions achieved by ,a deposit. Thus, 
increases in flow rate designed to increase production in the field 
may have detrimental effects unless fluid compatibility is first 
determined. 
6.7.4 -Permeability Reduction 
Most models of permeability reduction refer to the pore-plugging 
action of mobile fines. 
Simple straining of fines at pore throats accounts for some of the 
fines retention properties of sandpacks. Reservoir core material,, with 
its finer pore dimensions can be severely plugged by the nobilisaticn 
of even small quantities of fines. Large fines beccme trapped and act 
as deposition sites for smaller colloidal-sized materials. This leads 
to the formation of cake type deposits. 
In this work, -permeability reduction has also been caused by the 
increased viscosity of pore fluids due to their high clay cozitent. 
Though temporary, the permeability loss caused by-, the increased 
resistance to flow was significant. Clay concentrations approaching 
150 g/l were measured in the mobile fines zone. 
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Permanent loss occurs' due to re-deposition effects. High-=clay 
concentrations ensure that some linkage of clays persists after 
mobilisation. It is unlikely, that complete de-flocculation? takes 
place. Large flocs previously in their natural states have been broken 
down into smaller, units through the action of double layer and 
entrainment forces. These units can link together=under low shear 
steady flow-in a pore channel. This linkage is a contributing factor 
to permeability decrease. At the-walls-, of the pore, continuous 
deposition takes place from a layer, of slowly moving suspension. Thus, 
effectively the deposition of a. layer of clay suspension occurs on the 
pore channel wall. This layer reduces the effective pore cross-section 
that is-- available to-flow. This is evidenced as reduced permeability. 
The clays inthis -stagnant, or-slowly moving layer interact with one 
another to form a 'network' type structure which is sufficiently 
resistant°to break-up. The thickness of this layer continues to 
increase until the pore diameter equals the=diameter of the pore 
constriction downstream. Further deposition in this pore would 
probably-lead to complete plugging. The effects observed in 
experiments with sandpacks in this work, are consistent with this 
hypothesis. 
,. -, I 
At the pore throats, plugging occurs with severe effects on 
permeability. Individual particles and all multiple particle units 
break off from larger flocs under the action of the high shear forces. 
These particles are able to progress through the pore throats until 
they are eventually captured or produced. 
Suspension stability effects became significant when dealing with 
mobilised clays. The term stability is used here as in classical 
colloid theory whereby if the double layers are expanded then the 
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suspension exists in a 'stable', - disperse or de-flocculated state. An 
unstable suspension is one undergoing coagulation. The term 'clay 
stabilisation' is also used in oil production terminology where the 
clays in a reservoir are prevented from becoming dispersed or 
entrained in, the fluid flow. Clay stabilising agents may be considered 
as any agents which by adsorption - into the clays or by their 
compressing effect on the double layer prevent or minimise the 
mobilisation of reservoir clays. Most of the-alkali metal salts, scene 
heavy metal salts, and cationic polymers have, been and continue to be 
used as stabilising agents during secondary and tertiary flooding 
Water flooding practices are directly affected by the ionic 
composition of-reservoir and well fluids. Previous work has. concluded 
that at least ten percent of flooding water should be° in the form of 
calcium, magnesium or other compatible divalent salts. Most formation 
waters contain far. greater concentrations of these ions. Formations 
with connate water containing sodium salts would be likely-to have 
clays in their= sodium base form. Fresh injection waters containing 
calcium and magnesium salts would lose their divalent, icns to the 
clays and pick up sodium ions. It is conceivable that the sodium ion 
concentration of displacing waters could rise to levels which could be 
harmful to parts of, the reservoir further downstream. 
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CONCLUSIONS 1, ý il 
1. Kaolinite and illite are the predaninant clay minerals 'ancng 
the fines adhered to grain surfaces of cleaned separator 
sand from the Forties North'Sea reservoir. 'These clay types 
are also found in association with the Fine-Grey sand which 
has been successfully used as a test sand in this work. 
2. The mobilisation of clay particles is caused by a weakening 
of the adhesion force between the particles and grain surfaces. 
The break up of flocculated clays also contributes to the 
magnitude of dispersal. Kaolinite and illite have been found to 
spontaneously' detach from grain surfaces when sandpacks are 
flooded with high salinity brines followed by fresh water or low 
salinity fluids. This mobilisation results in the build-up of a 
highly concentrated zone of clay which migrates through the 
sandpack. Clay suspension Concentrations' greater than 100 g/1 
have been recorded 'under the experimental' conditions of' this 
work. Small particles of quartz are also found in the migrating 
fines fraction. 
3. Ion exchange processes between clay and solution environ . nt 
are responsible for-the weakening of the adhesion force. 
4. Kaolinite, illite and' clay minerals in general, "°`have cation- 
specific ion exchange and adsorption characteristics. Each clay 
type possesses its, -own 'blue print' which determines the nature 
and extent of its ion exchange capacity. Kaolinite and illite 
exhibit strong ion exchange when in contact with sodium and 
potassium chlorides. 
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5. The rate of ion exchange is dependent on the- concentration of 
electrolyte and pH of the fluid environment in contact with the 
clay. 
6. The critical strength of aqueous sodium chloride which 
initiates spontaneous clay dispersal in sandpacks is in the 
region of 0.1M at neutral pH. Potassium chloride brine exhibits a 
similar critical concentration. 
7., The pH of fluid environment is a controlling parameter for 
ion-exchange between clays and fluids. 
8. Low-pH conditions (pH values less than 6) minimise particle 
dispersal by inhibiting the exchange of those ions originally on 
clay surfaces with monovalent ions fran-the bulk solution., It is 
likely that the hydrogen ion interacts with clay surface charges 
to prevent, exchange processes. I - -Y:,, 
9. High pH conditions (pH values greater than 8) promote 
particle dispersal and deflocculaticn processes. The hydroxide 
ion interacts with clay surfaces causing expansion of the double 
layer. -- -, 
10. Fluid shear forces alone at typical reservoir flooding 
velocities are not sufficiently strong to initiate the detachment 
of an adhered particle. A weakening of the colloidal adhesion 
force-is a precursor for clay dispersal. This weakening allows 
double layer expansion to -takeplace when 
fresh water or low 
salinity fluids cane into contact- with- clays. r The fluid shear 
force then becanes strong enough to bring about dispersal. 
-' - 
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11. There are two mechanisms of permeability reduction in sandpacks 
where clayf mobilisation has taken place. Firstly, there is 
increased resistance to flow due to the increased viscosity of 
the migrating zone of clay material. This permeability reduction, 
which is temporary was about forty percent in sandpack floods. 
The second more permanent form of damage is due to pore-plugging 
in the sandpack. The permeability reduction due to this mechanism 
has been found to be in the region of ten to twenty percent. 
12. The treatment of sandpacks with divalent cations or mixtures 
of nbnavalent and divalent ions prevents clay dispersal. However, 
these ions may be removed from the clay particle surfaces by any 
subsequent flow of sufficiently concentrated nr valent brine. 
13. As oil reservoirs progress through maturity to depletion, 
the water-oil ratio of produced fluids increases and the 
compatibility of fluids with reservoir materials becomes a more 
important factor. 
7.1 SUGGESTIONS FLOR FURTHER WORK 
The investigations carried out during the course of this research have 
suggested a probable mechanism of clay mobilisation. The results 
obtained have also identified specific areas where more information is 
required. 
Further work on the electrochemical properties of individual clay 
species and quartz silica would enable better characterisation of 
colloidal particle behaviour. The interactions between, for example, 
kaolinite and quartz fines could then be better understood. Ion 
exchange properties should also be studied in greater detail with 
particular emphasis on the effect of non-crystallinity of clays. 
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The understanding of flow effects in porous media{`couuld be greatly 
enhanced by further study'of the rheological properties of kaolinite 
suspensions. Interactions in systems of mixed fines suspensions 
containing kaolinite should also be studied within this subject area.. 
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APPENDIX 
Experimental Errors 
This appendix discusses the sources and magnitudes of the errors occurring during the 
experimental work. In order to minimise errors procedures were standardised and 
instruments carefully calibrated. However, some error is inevitable. The possible 
sources of experimental error were the measurement of sandpack pressure differentials, 
pH and estimate of the clay content of liquids eluted from the sand columns. An 
unknown in most experiments of this type is the homogeneity and isotropy of the sand 
pack. The method of filling devised using sedimentation was devised to minimise errors 
due to these causes. It was thought that the more usual procedure of compaction would 
be more likely to lead to anisotropy, particle fracture and banding. 
The particle counting methods used in the flow cell studies of clay deposition are also 
subject to errors but these are more statistical errors which can be minimised by taking a 
sufficiently large number of replicate particle counts. 
Preliminary flooding experiments were carried out with the constant head sandpack 
system, using water manometers for pressure measurement. At the low differential 
pressures found the manometer reading error was about 5% but for the lowest pressures 
(approx 10 mm water head) this error was thought to be as high as 20%. 
The use of the constant flow rate flooding rig reduced this error significantly. Accurately 
calibrated high precision pressure transducers (Thorn-EMI Datatech Ltd type SE 
21/G1.02 bar AP) were used, reducing the measured differential pressures errors to <1%. 
For this system, as described in the body of the thesis, a design of inset pressure tappings 
coming up from the base of the column was used to prevent: 
(a) baseline errors due to static head differences 
(b) errors due to local homogeneity of the packing around the tapping, and 
(c) minimum disturbance to the packing procedure by the tapping 
The errors in the measurement of bed dimensions and liquid flowrate required for the 
calculation of bed permeability were estimated to be 2% in the worst case. Thus any 
error in the calculated permeability could be as much as 5%. However actual errors in 
most cases were much lower and the objective of the experiments was to study changes 
in factors leading to changes in permeability rather than absolute values. Bed 
dimensions were identical from one run to another. 
Furthermore, since pressure differentials associated with clay migration in sandpack 
floods were much higher than the maximum possible instrument error, it can be 
concluded that the effects of instrument error on the permeability values and their 
interpretation was small. 
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TABLES 
TABLE 1: CATION EXCHANGE CAPACITIES (EEC) OF CLAY MINERALS [26] 
clay/Mineral 
Illite 
Kaolinite 
Montmorillonite 
Chlorite 
Allophane 
Mica 
CEC in meq/loog 
20 - 40 
1- 10 
80 - 100 
10 - 40 
25 - 50 
20 - 50 
TABLE 2: THE SIZE OF OCt443N EXCHANGE IONS [135] 
Ion Radius (rin) 
Li+ 0.06 
Naa 0.095 
N+ 0.065 
A13+ 0.05 
Si4+ 0.041 
C1- 0.181 
K+ 0.133 
Ca2+ 0.099 
0H 0.130 
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TABLE 3: ZETA-POTENTIALS FOR KAOLINITE (in mV, fran [78,79]) 
ry 
NAM 
Edge Face 
conch pH 3 6 7 9 pH 6-9 
10-1M 3 4 1 -13 -26 
10-2M 17 7 2 -19 -40 
10-3M 24 9 3 -24 -43 
TABLE 4: ZETA-POTENTIALS OF SILICA (in mV, fran [36]) 
NAM 
con 
pH 3 6 7 9 
10-1M 7 -9 -15 -20 
10-2M 10 -25 -32 -47 
10-3M 16 -47 -65 -80 
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TABLE 5: DRY SIEVE ANALYSIS AND DENSITIES OF SEPARATOR AND FINE-GREY 
SANDS 
% Greater than 
Size Sµm) 
Separator Fine-Grey 
30 100.0 100.0 
50 99.0 99.0 
70 97.0 97.0 
90 87.0 85.0 
110 72.0 43.0 
130 45.0 12.5 
150 14.5 2.0 
Density (g/cm3) 2.61 2.56 
TABLE 6: DRY SIEVE ANALYSIS AND DENSITIES OF REDHILL AND C Et, FORD 
SANDS 
$ Greater than 
Size ('. m) 
Redhill 110 Cnelford 95 
63 97.2 98.8 
90 83.9 88.4 
125 55.4 54.5 
180 11.5 14.9_, 
250 4.9 3.0 
355 1.5 0.4 
Density (g/an3) 2.65 2.78 
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TABLE 7: BET SURFACE AREA AND X-RAY ANALYSES OF SEPARATOR AND FINE- 
GREY SANDS 
Analysis Separator Fine-Grey 
Surface Area m2/g 1.2 0.6. 
$ Kaolinite 2-5 1-2 
$ Kaolinite in <5 um 90 85 
fines fraction 
TABLE 8: BET SURFACE AREA AND X-RAY ANALYSES OF REDHILL AND C-TELFORD 
SANDS 
Analysis Redhill Chelford 
Surface Area m2/g 0.22 1.08 
% Kaolinite Trace None 
TABLE 9: SEQUENCE OF FLOODING LIQUIDS FOR CORE WATER-SENSITIVITY TEST 
(RUN 1) 
Fluid No of Pore Volumes 
Formation Water 150 
Solvents (Methanol and Toluene) 90 
Formation Water 330 
Distilled-Deionised Water 110 
Formation Water 40 
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TABLE 10: RESULTS OF FLC JLATION VALUE TESTS 
Flocculation, Separator Fine-Grey Pure Kaolin 
Concentration pH Sand Clays Sand Clays Clay 
(pIm wt) 
5 1850 1500 800 
NaC1 7 3000 2500 1500 
9 3500 3800 1900 
5 1550 1600 300 
KC1 7 2600 2200 1200 
9 3600 2700 1800 
5 90 85 10 
CaC12 7 100 100 40 
9 280 350 150 
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TABLE 11: TABULATED SUMMARY OF FLOODING EXPERIMENTS 
Run NO Description Results in Fig No 
1 Core Flood 14 
2 Constant head flood - NaC1 15 
3 Constant head flood - CaC12 16 
4 Constant head flood - Surfactant 17 
5 Constant head flood - HCl 18 
6 Constant head flood - NaOH 19 
Constant Rate Floods 
7 NaCl 0.51M - water 20 
8 NaCl 1M-0.51M-0.17M - water 21 
9 NaCM 0.17M-0.05M-0.02M - water 22 
10 NaCl 0.17M - water 23 
11-14 NaC1 contact time dependence 24-27 
15 NaCl continuous salinity decrease 28 
16 KC1 continuous salinity decrease 29 
17 KC1 0.4M - water 30 
18 CaC12 Pre-water slxick treatment 31 
19 CaCl2 Post-water shock treatment 32 
20 Simulated formation water flood 33 
21-24 Effect of pH variation 34-37 
25 Effect of flowrate 38 
26 Effect of'flowrate in a sensitised bed 39 
27 Effect of reverse flow 40 
28 Effect of gravity 41 
29 Filtration of clay suspension - clean bed 42 
30 Filtration of clay suspension - natural bed 43 
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TABLE 12: OCNIPOSITION OF SIMULATED FORMATION WATER 
Component Quantity g/l 
NaCl 79.7 
MgC12 31.6 
CaC12.6H20 6.6 
KC1 2.2 
TABLE 13: QCYMPOSITION OF NON-C iEMICALLY TREATED REFERENCE KAOLIN 
Kaolinite 88% 
Mica 10% 
Quartz 1% 
Feldspar 1A 
TABLE 14: TABULATED SUMMARY OF PARTICLE DEPOSITION AND DETAMEVT 
EXPERIM S 
Run No Fig No 
FC1 Deposition of latex 44 
FC2 Effect of surface treatment 45 
Deposition of Kaolinite 
FC3 Variation of salinity 46 
FC4 Variation of pH 47 
FC5 Variation of flowrate 48 
FC6 Variation of suspension concentration 49 
Detachment of Kaolinite 
FC7 Variation of salinity 50 
FC8 Variation of pH 51 
FC9 Variation of flowrate 50 
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TABLE 15: CATION ADSORPTION CAPACITIES OF CLAY SUSPENSIONS 
Ion 
Adsorption Capacity (miciaioles/g clay) 
Pure Kaolin Fine-Grey Sand Clay 
NaCM 10-3M 85 180 
NaC] 10-2M 1300 3400 
KC1 10-3M 340 650 
KC1 10-2M 2300 3700 
CaC1210-3M 35 70 
CaC1210"2M 120 320 
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I FIGURES 
UNIT LAYER 
7.2 A 
SILICA SHEET 
ALUMINA SHEET 
FIG. 1 SCHEMATIC CRYSTAL STRUCTURE OF KAOLINITE 
UNIT LAYER 
9.7-17.2 A 
H20, K. Na, Ca, Mg 
all 
FIG. 2 SCHEMATIC CRYSTAL STRUCTURE OF MONTMORLLLONRE 
UNIT LAYER 
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FIG. 3 SCHEMATIC CRYSTAL STRUCTURE OF ILLITE 
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